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Abstract
Since the fuel crisis of the 1970s, aerodynamic design has become essential to the
vehicle design process in order to reduce fuel consumption and lower emissions as well
as (in more recent years) increase the range on vehicles with alternative powertrains.
Production car manufacturers have developed shape optimisation techniques that have
generated significant improvements over the years however, in order to achieve further
gains, a deeper understanding of the fundamental flow structures around vehicles must
be achieved.
This thesis reports the findings of three studies that aim to understand how the base
pressure is manipulated on vehicle like geometries by applying shape optimisations.
The base pressure typically contributes approximately 30% of the overall vehicle drag
on production vehicles and so presents an opportunity for significant drag saving.
A fundamental One-Box model was used to investigate how changing fore-body drag
can effect the base pressure and wake topology at varying ground clearances. It was
found that at high ground clearances the total drag changes were generated by base
pressure changes however when the model was lowered into ground effect the fore-body
and skin friction drag produced significantly larger changes than the base pressure.
Analysis of the unsteady results showed that with a thinner boundary layer over the
model the unsteadiness in the wake was increased.
A second study was then conducted on a generic vehicle geometry, the Windsor model,
where the lower separation was manipulated through the use of different underbody
profiles . As the lower boundary layer on the model was thickened the lower recirculation
region grew and lowered the pressure on the base. This was also seen to increase the
unsteadiness of the pressures recorded on the base when the upper and lower shear
layers were of significantly different strengths.
Finally, a rear end optimisation was conducted on the Windsor model using high aspect
ratio tapers on the top and bottom trailing edges. It was seen that the amount of
downwash or upwash created by the tapers acted on the wake balance which moved
i
the impingement region on the base. This changed the near wall velocities of the wake
flow and resulted in changing base pressures.
Overall the work has shown that, by controlling the flow conditions at separation, the
base pressure can be modified, particularly by altering the relative strengths of the
upper and lower shear layers and the impingement location on the base.
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Chapter 1
Introduction
1.1 Context and Motivation
In the current vehicle market, there is a continual trend toward reducing fuel consump-
tion in conventional engined vehicles or increasing the range in hybrid or fully electric
vehicles. While both of these requirements will benefit from developments to the pow-
ertrain system, they can each be improved through a reduction in vehicle drag, thereby
reducing the power required to drive the vehicle through the air. As aerodynamic
drag is the dominant resistive force above about 60km/h (Hucho [1]) and with carbon
based fuel costs sure to rise in the long term, and emissions standards tightening, ve-
hicle manufacturers have spent a lot of time and resources in recent decades focussing
on the reduction of aerodynamic drag. This is normally characterised through the
dimensionless parameter ”drag coefficient (CD)” defined in Equation 1.1.
CD =
DragForce
1/2ρV 2A
(1.1)
When aerodynamics started to influence vehicle design after World War I, iconic designs
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such as the aerofoil shaped Rumple Taube were developed and had drag values around
1/3 of the competitors, CD = 0.28, Hucho [1]. This was a target which would not
be achieved again with a production vehicle until the 1980s, however the way had
been paved and aerodynamic developments continued throughout the 20th Century.
After the fuel crisis of the 1970s aerodynamic design developed more rapidly and the
streamlined vehicle shape became more widely accepted. Drag coefficients progressively
lowered until it became a competitive advantage within the market place; numerous
examples could be cited in both production vehicles (Hucho [1]) and race cars (Katz
[2]) from the time period between the 1930s-80s, notably the “Jaray back” and the
“pseudo-Jaray back”.
In 1982-3 low drag concept production vehicles were created by Ford and General
Motors (GM); the Ford Probe VI had a drag coefficient CD = 0.15, while the GM
Aero 2002 had a drag coefficient of CD = 0.14, Hucho [1]. Both of these vehicles were
designed with the aim of creating an efficient vehicle and showing what road vehicles
could become. However the designs had limitations for production vehicles as they did
not encompass standard design parameters such as passenger compartment volume,
styling, compliance with passenger and pedestrian safety regulations and consumer
perception. However many of the ideas and features that were introduced on these
concept vehicles are becoming more prevalent in modern vehicle design; while a long
tapered tail is not possible, vehicles are generally tapered in their rear geometry and the
front profiles of vehicles are rounded with the windscreen becoming more integrated
with the bonnet design creating a smooth front-end curvature.
External vehicle aerodynamics encompasses a complex three-dimensional flow-field,
characteristic of a bluff body in that it contains a large amount of flow separation
resulting in pressure drag and in some cases flow reattachment, vortex roll-up, a high
drag coefficient and often the phenomenon of vortex shedding, Roshko [3]. All of
these phenomena result in a large suction region on the vertical rear end of the vehicle
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causing a large pressure drag contribution; this is far greater than the contribution
created by the skin friction of the vehicle surface. Most of the previous (and current)
efforts are therefore focused on the reduction of the pressure drag component within
overall vehicle drag. With the base making a major contribution to the pressure drag,
one important target is to increase the base pressure (where the base is the rear vertical
section of any vehicle).
1.2 Aim
This thesis aims to investigate and understand how base pressure is modified on vehi-
cle like geometries using shape optimisation. This work is experimental and considers
both a One-box model, where the fore-body radius can be changed to modify the
development of the boundary layer, and the Windsor model where a underbody rough-
ness and trailing edge tapers (a common shape optimisation) will be applied. The
One-box study will modify the boundary layer upstream of the base to investigate if
the condition of the boundary layer prior to separation has the ability to change the
base pressure. By considering the underbody roughness of a Windsor model, just the
condition of the lower separation will be altered upstream of the base and allow an
investigation into the affect this can have on base pressure. Finally trailing edge tapers
will be applied to a Windsor model to manipulate both the upper and lower separation
simultaneously to investigate if the interaction between the shear layers is affecting the
wake topology and influencing the base pressures.
1.3 Vehicle Flow Structures
When considering passenger cars, vehicle shapes are typically grouped into three main
categories: squareback, hatchback and notchback (Figure 1.1), all with different pri-
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mary characteristics of their flow-fields. It is acknowledged that this is a generalisation
mainly utilised for research purposes, but it is known to give a good reference point for
production vehicles as well. While all the vehicles have pressure drag as the main drag
component, this varies in contribution depending on the vehicle geometry. However,
whilst trying to reduce drag, it is also the job of the aerodynamicist to control lift, side
force, pitching moment, yaw moment, roll moment and lateral / directional stability,
Englar et al. [4].
(a) Squareback (b) Hatchback (c) Notchback
Figure 1.1: Basic geometry of the three main vehicle groups
It is recognised that these vehicle categories are somewhat artificial as many modern
squareback vehicles contain some short rear end tapering to reduce vehicle drag, and
hatchback vehicles with rear slant angles of more than 30o show the flow features of
a squareback vehicle. The classifications are useful for research to categorise distinct
flow features which can be investigated and these geometries are simplified in generic
reference cases such as the Windsor Model shown in Figure 1.4c.
(a) Squareback (b) Hatchback (c) Notchback
Figure 1.2: Differences in centreline wake structures for different vehicle geometries,
Ahmed [5]
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Figure 1.3: Differences in 3D wake structures for different vehicle geometries,
Hucho [1]
The squareback vehicle geometry includes most modern C-class cars, Figure 1.4a, along
with small commercial vehicles such as car based vans e.g. the Ford Transit Connect,
Figure 1.4b. The current trend in vehicle design is for cars to be closer to a squareback
geometry with short slant lengths and low slant angles at the rear end. These vehicles
are designed so that there is attached flow over the whole roof structure, even with
the adverse pressure gradients that are now being introduced through the styling of
modern vehicles, Barnard [6]. As the flow separates at the rear end of the geometry, a
large separation region is formed at the base of the vehicle from which most of the drag
is generated (shown in Figure 1.2a). This is caused by the four shear layers emanating
from the sides, roof and floor of the vehicle creating the recirculation region, Verzicco
et al. [7]. This results in the toroidal vortex ring seen by Roumeas et al. [8] (Figure
1.5) as opposed to the recognisable quasi-two-dimensional wake structure such as that
seen in Figure 1.2a. On the streamwise centreline the torus structure will indeed
appear quasi-two-dimensional, Littlewood & Passmore [9], however recent work by
Perry, Almond & Passmore [10] has shown that even on the centreline streamwise
plane there is out of plane motion due to the unsteady and three-dimensional nature
of a vehicle wake. Therefore it is important to investigate the flow structures across
the whole width of the vehicle base.
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(a) Ford C-Max
Production Passenger
Vehicle
(b) Ford Transit Connect
Production Commercial
Vehicle
(c) The Windsor Model
used at Loughborough
University
Figure 1.4: Examples of Squareback Vehicles
Figure 1.5: 3D Wake Structure behind a Squareback Vehicle, Roumeas et al. [8]
When conducting an automotive aerodynamic experimental investigation it is impor-
tant to select a model that will provide the right fore-body and base conditions and
give a realistic wake structure. In general, wind tunnel models can be categorised into
three groups: simple bodies, basic car shapes and production cars, Le Good & Garry
[11]. Simple bodies and basic car shapes are often the instruments of research and
much work is published on them; work on production shape cars is sometimes reported
by manufacturers but rarely researched as thoroughly. Simple bodies include common
models such as the Ahmed model and the Rover/Windsor model (now referred to as
the Windsor model) while basic car shapes refer to only slightly more complex shapes
such as the SAE reference model and the MIRA reference model. The key design point
of both these model groups is that they reproduce the fundamental large scale flow
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structures that are seen on full scale, complex vehicle structures. Due to the wide
range of available model geometries it is important that the most appropriate one is
selected for the investigation.
Goetz, published in Hucho [1], showed that if the ratio of a front edge radius to the
model width r/W > 0.075 then separation will never occur around the radius and hence
the body drag force will be independent of the front radius. Therefore to investigate
the wake behind an Ahmed style body over a moving ground plane, Duell & George
[12] modified the front radii such that the drag is independent of the front radius. The
model had a front edge radius of r/W = 0.15 and a side edge radius of r/W = 0.10 -
both values are well past the critical value and therefore no separation should occur -
the geometry is shown in Figure 1.6. Measurements in the wake were taken using a
single hot wire anemometer at 75Hz for 1500 samples such that the calculated mean
result is within 3.4% of the true mean with 95% confidence.
Duell & George [12] show that at the trailing edge of the model the boundary layer
is shed as vortices over a range of frequencies that are paired as they are convected
downstream causing them to increase in size and reduce the characteristic frequency
of the shear layer. It was found that at the free stagnation point fluctuations occur in
the longitudinal direction as vortices from within the shear layers are shed. It is these
vortices being shed from the free stagnation point that result in a pumping action,
shown schematically in Figure 1.7. The characteristic Strouhal number of this action
is StH = 0.069 which is also a characteristic frequency of the near wake demonstrating
that this is a whole wake motion.
When Duell & George examined the base pressure coherence results using a cross
spectral density function, a 15Hz peak is identified that correlates with the interaction
between the upper and lower vortices in the near wake; therefore the base pressures
are being affected by the pumping action seen in the far wake as the upper and lower
shear layers shed vortices. It is also possible to see the decrease in coherence as the
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horizontal distance between the tappings is increased, indicating that there is a phase
difference between the two sides of 180o. This provides evidence that vortices shed
from the model sides are then shed from the free stagnation point alternately resulting
in a flapping motion which occurs at a higher Strouhal number of StH = 1.157.
Figure 1.6: Side and Rear View of the Ahmed Model, Duell and George [12]
Figure 1.7: Schematic View of the Wake behind a Squareback Model, Duell and
George [12]
However there is some discrepancy across research papers about the Strouhal number
which correlates to shedding from the base of squareback vehicles; Sims-Williams
et al. [13] found free stagnation point pumping at a Stouhal number (based on
√
FrontalArea) of 0.04 ≤ St√A ≤ 0.07. This pumping frequency is confirmed by
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Khalighi et al. [14] who found the base pressure of a generic squareback model to
pump at St√A = 0.07.
In the time averaged wake structure described by Hucho [1], when the vehicle is at
zero yaw there is very little contribution by the A-pillar vortices to the wake, with
the main flow structures being formed from flow separating at the edges of the base.
Closer analysis of the recirculating zone behind the base shows a pair of very weak,
outward (away from the vehicle centreline) rotating streamwise vortices which move
away from the ground as the distance downstream increases, Hucho [1]. When the
wake torus is examined on the centreline it shows a structure with two lobes - the upper
lobe is stronger than the one located near the ground plane (due to the ground plane
weakening the lower shear layer which then leads to a weaker vorticity concentration,
Bayraktar et al. [15]); it is this vortex structure that is responsible for depositing the
dirt expelled by the wheels onto the rear surface of the vehicle through deflection of
its trajectory. The upper vortex will be contra-rotating to the lower vortex with both
having their axis parallel to the rear structure of the vehicle, Hucho [1].
While these structures are enclosed and driven by the shear layers discussed by Duell
& George [12], it is the action of these vortices on the base of the vehicle that will lead
to the formation of a suction region on the base to make a major contributor to the
pressure drag. This was investigated by Littlewood et al. [16] through the addition
of narrow slats onto the base of both a model scale and full scale vehicle, shown at
model scale in Figure 1.8a. The model scale work had up to four 1mm thick and 8mm
wide slats installed on the lower half of a quarter scale Windsor model, Figure 1.8a;
the first slat was located at h/H = 0.121 from the model floor and each subsequent
slat was positioned with a ∆h/H = 0.121 spacing. At model scale, the best result was
achieved with the addition of all four slats on the lower half of the base, resulting in
a drag reduction of ∆CD = −0.008. The improvement is attributed to an increase in
base pressure above the slats, along with a region of pressure increase where the slats
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are located - shown in Figure 1.8b and 1.8c.
(a) Schematic of Base Slat
Locations
(b) Change in Base Pressure
relative to baseline, 3 slats
fitted
(c) Change in Base Pressure
relative to baseline, 4 slats
fitted
Figure 1.8: Base Pressure Modification through the use of Slats, Littlewood et al.
[16]
At full scale up to six 30mm deep slats were used across the full width of the base of
a production squareback vehicle (MPV) and were equi-spaced over the height of the
base. The full scale results showed that the slats were ineffective when applied to the
standard vehicle, but when the vehicle was modified by adding a smooth underfloor a
maximum drag reduction of ∆CD = −0.004 was found when the uppermost slat is
present or all slats are present. The authors conclude that the slats disrupt the near wall
velocities and slow the flow recirculating near the base region thereby increasing the
base pressure. When the standard vehicle underbody is tested then the topology of the
wake must be significantly different to that of the smoothed underfloor, which better
represents the model scale geometry tested. It should be noted that at full scale the
smoothing of the underbody alone reduced the drag of the vehicle by ∆CD = −0.032.
Howell [17] considered the effects of smoothing off the underside of a Rover 800 4-
door saloon car through using a series of floor panel that allowed the contribution of
different underfloor regions to be assessed. Howell found that the most advantage is
gained at the rear of the vehicle; for a saloon car a drag reduction of ∆CD = −0.036
was found while a fastback had a drag reduction of ∆CD = −0.046 when the whole
underbody was smoothed off. No work was subsequently on how this was affecting
the base pressure or wake topology, but clearly the condition of the lower shear layer
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has a great effect on the base pressure distribution and the application of optimisation
techniques to vehicle geometries.
Gurlek et al. [18] used a simplified bus shaped model, Figure 1.9, with a front radius
ratio of r/W = 0.34 and vertical base to investigate the squareback wake structure
through an experimental investigation in a water tank. PIV measurements were taken in
the vertical, horizontal and cross-sectional planes, where 300 image pairs were obtained
at 15Hz. Velocity fields were then processed and averaged in time before velocity
profiles were extracted at specific locations, Figure 1.9b. While the results appeared
qualitatively consistent with other research, the low Reynolds number of the experiment
(ReH = 1.2 × 104) makes comparisons with full scale Reynolds numbers (ReH >
4.4× 106) difficult. This is compounded by the choice of a rounded rear end geometry
that is likely to be particularly sensitive to Reynolds number.
(a) Schematic of the Bus
Model
(b) Planes of data obtained
Figure 1.9: Experimental Set Up of the Simplified Bus Model, Gurlek et al. [18]
As would be expected of the time averaged result using PIV, Gurlek et al. [18] show a
large recirculation region behind the model in the vertical centreline plane and demon-
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strated a flow structure similar to that seen originally in Hucho [1], but with a far less
clearly defined upper vortex region. When taking a horizontal PIV plane at half the
model height a pair of contra-rotating vortices are seen indicating a toroidal or ring
vortex structure is present at the base of the vehicle.
(a) Streamlines of the Wake
Structure in the Vertical
Centreline Plane
(b) Streamlines of the Wake Structure
in the Horizontal Centreline Plane
Figure 1.10: Flow around a Bus Model, Gurlek et al. [18]
In the preceding example the salient features are all time averaged structures; however
Littlewood & Passmore [9] demonstrate the difference between the time averaged field
and the instantaneous one - shown in Figure 1.11. Here a quarter scale Windsor model,
Figure 1.4c, had a high aspect ratio slant applied to the upper trailing edge at varying
angles (0o ≤ φT ≤ 20o in 4o increments) to find an optimal rear geometry. PIV planes
(comprising of 1000 images) were taken so that the effect of the geometry changes on
the wake could be measured. It is apparent in Figure 1.11 that the vortex structures
that are clear in the time average field, Figure 1.11b, cannot be clearly seen in the
example instantaneous image, Figure 1.11a. In the upper section of the image, two
vortex structures can be seen that are associated with the upper shear layer. This can
be likened to the schematic produced by Duell & George (Figure 1.7). In the lower
portion of Figure 1.11a, the measurement does not capture the lower shear layer but
there is evidence of the lower vortex structure, seen through the upward motion of the
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fluid and the weak recirculation pattern evident in the streamlines.
(a) Instantaneous PIV Image
(b) Time Averaged Image of 1000 PIV
Images
Figure 1.11: Images of a Squareback Vehicle Wake, Littlewood & Passmore [9]
These differences between the time averaged and instantaneous velocity fields have
more recently led to the discovery of bi-stability in 3D wake structures. Initially this
was observed by Herry et al. [19] using a three dimensional double backward facing step
(with a half elliptical leading edge to prevent fore-body separation), at ReH = 8× 104
where H = 0.102. It was shown that when time averaged horizontal velocity fields
were generated using PIV measurements at half the first step height, there was an
asymmetry seen in the mean field, Figure 1.12a - this is seen through the impingement
occurring on the back face of the step at W/h = 0.25. As the model was yawed ±0.5o
this asymmetry changed in dominance. When these fields were conditionally averaged,
it was seen that there was a “left” (Figure 1.12b) or “right” (Figure 1.12c) bias in
the instantaneous images, that switched apparently randomly, between the two cases.
The further the model was yawed from the wind axis the more dominance a single
mode showed in the flow field leading to the asymmetric mean field. Consequently,
the most even distribution of the modes was seen for the zero yaw condition and the
case presented in Figure 1.12c represents a small yaw angle to the onset flow.
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(a) Full Data Set (b) “Left” dominant mode (c) “Right” dominant mode
Figure 1.12: Decomposition of a time averaged PIV field into the bi-stable
conditionally averaged fields for a three dimensional backwards facing step, Herry et
al. [19]
By considering a simple bluff body, Grandemange et al. [20] were able to visualise the
motion of the wake structure using dye injected into a water tunnel at low Reynolds
numbers. They observed the wake transition from a steady symmetrical case (as is
typically seen in a time averaged result) through an unsteady asymmetric case to
a steady asymmetrical topology. However this symmetry breaking was found to be
highly dependent on ground clearance, with no symmetry breaking occurring at ground
clearances less than h/H ≤ 0.4 and hence they concluded that the balance between the
upper and lower recirculating regions is an important factor in this phenomenon.
Grandemange et al. [21] developed the work further by investigating an axisymmetric
body with a blunt trailing edge. The geometry was a 3D symmetrical body based on
a “D” shaped cylinder with NACA0021 support struts along the horizontal mid-plane,
Figure 1.13a. This work was conducted at a higher Reynolds number (ReD = 2.1×104)
and it was found that there was a bi-stability seen in the vertical centreline plane of
the wake but these results generated a symmetrical time averaged field. Pressure data
was collected at 1Hz for 5000s over the base which showed that there was an equal
probability of the “up” or “down” state being present, and an examination of the time
history of these pressure signals found that there was no characteristic frequency to
the switching between the two conditions.
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(a) Model Geometry
(b) Control Ring Geometry
(c) Effect of the position of the 3mm
control cylinder on the change in base
pressure
(d) Effect of the position of the 3mm
control cylinder on the standard
deviation of the base pressure
Figure 1.13: Effect of a control cylinder on bi-stability behind an axisymmetric
body, Grandemange et al. [21]
Grandemange et al. [21] then tried to control this bi-stable phenomenon using a 3mm
diameter cylinder, included in the schematic in Figure 1.13a. By traversing this cylinder
vertically through the wake it was shown to be very efficient at forcing one of the two
available states to become more dominant; this is illustrated in Figure 1.13c where the
dominant topology is obtained through the base pressure gradient and yields either a
positive or negative value depending on which of the bi-stable conditions the wake is in,
whilst in the white areas there are no changes recorded which may be due to the shift
occurring faster than the 1Hz sampling frequency or due to no switching occurring.
The presence of the control cylinder is also seen to reduce the base pressure fluctuations
and effectively stabilises the wake, Figure 1.13d. The largest drag reduction (9%) is
recorded when the control cylinder is placed at x/D = 0.5, y/D = 0 and the reduction is
attributed to base pressure recovery; it is found that fore-body pressure is independent
of the control cylinder.
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Grandemange et al. [21] also used a ring mounted on the control cylinder behind the
same axisymmetric geometry, where the axis of the control ring and the axisymmetric
body always remain inline, but the ring diameter and the distance from the base are
varied, Figure 1.13b. This gave a 13% reduction in drag that was attributed to the
movement of the recirculation zone away from the base which increases the bubble
length by 7.5%. Overall the drag is only reduced for both control devices when they
are located in the near wake and away from the shear layer boundaries, however the
bi-stability is best controlled using interference in the near wake close to and in the
shear layers.
Grandemange et al. [22] then investigated the effect that ground effect had on bi-
stability at a higher Reynolds number (ReW = 4.5 × 104) as well as the effect that
aspect ratio has on the presence of the phenomenon. A range of ground clearances
h/W ∈ [0, 1] were tested and two aspect ratios were of particular interest, H/W ∈
[0.74, 1.34]. An aspect ratio of H/W = 0.74 gives the Ahmed geometry, while H/W =
1.34 is an Ahmed geometry with an inverted aspect ratio. All testing is conducted
over a raised ground plane with a boundary layer thickness of δ99/W = 0.109± 0.001,
a displacement thickness of δ∗/W = 0.018 ± 0.0009 and a momentum thickness of
θ/W = 0.013± 0.0003.
The standard Ahmed geometry sees no flow from the underbody at clearances of
h/W < 0.05 due to dominating viscous effects (the underbody flow is completely sub-
mersed in the boundary layer flow) resulting in a flow structure similar to that of a
backward facing step, Figure 1.14a. As the model is raised to h/W = [0.07, 0.08],
the underbody flow momentum increases and the underbody flow curls up and reat-
taches on the upper base, Figure 1.14b. However this curvature encourages the tunnel
boundary layer (in this fixed floor experiment) to detach until h/W > 0.09 when the
momentum is sufficient for the tunnel boundary layer to remain attached. The tra-
ditional squareback wake structure of two near equal counter-rotating vortices is not
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seen until the highest ground clearance of h/W = 0.12, Figure 1.14c, when there is
sufficient momentum in the lower shear layer to be comparable with the upper shear
layer. For all the conditions at h/W ≤ 0.08 there is no bi-stability in the lateral plane,
however for h/W > 0.09 the PDF (Probability Density Function) of the base pressures
demonstrates a bi-stable behaviour in the horizontal plane.
(a) h/W = 0.02 (b) h/W = 0.08 (c) h/W = 0.12
Figure 1.14: Velocity fields from the vertical centreline plane at varying ground
clearance, Grandemange et al. [22]
(a) PDF of the base pressure
gradient in the vertical direction for
all ground clearances
(b) “Up” mode (c) “Down” mode
Figure 1.15: Bi-stability seen in the vertical plane of a model with aspect ratio
H/W = 1.34 at ground clearance of h/W = 0.11, Grandemange et al. [22]
If the aspect ratio of the model is now inverted, there is no lateral bi-stability seen
for all ground clearances. However there is a bi-stable motion seen in the vertical
plane, Figure 1.15a, for specific values of h/W (labelled C∗). Previously Herry et
al. [19] found that bi-stability contained two asymmetric modes, however when the
bi-stability is decomposed into modes in the work of Grandemange et al. [22] the
states are not mirror images of each other, Figures 1.15b and 1.15c. This is due
to the asymmetry in the wake conditions with some ground effect still present for
the lower shear layer while the upper shear layer is in proximity to the freestream flow.
17
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Grandemange et al. theorise that bi-stable wakes can be characterised by large pressure
gradients (〈|δCP/δy∗|〉 > 0.10) while stable wake have low values of pressure gradient
across the base (〈|δCP/δy∗|〉 < 0.05).
Volpe et al. [23] examined the bi-stability characteristics of an Ahmed geometry using
surface pressure base measurements and planar PIV fields in the wake; the experimental
set up is shown in Figure 1.16a and uses a quarter scale model. All data was taken
over a sufficiently long time period that enough bi-stable switches would be captured
for the time average wake to be near symmetrical - data was collected from 81 pressure
tappings on the model base at 20Hz for 900s. By considering the RMS of the base
pressures, Figure 1.16b, there are two regions of high RMS that are due to the bi-
stable motion of the wake seen through the pressure traces presented in Figure 1.16c.
Pressure tappings in symmetrical locations on the base show a close to perfect switching
between the two tappings between a ”high” and ”low” pressure state when looking at
the time history. If a PDF of this signal is generated, Figure 1.16d, then it is clear
that there is a near equal chance of being in each of the bi-stable states at these two
locations on the base, while the centreline is unaffected and most probably at a time
invariant pressure value. Frequency analysis of these pressure signals does not show a
characteristic frequency, but instead a steep drop off in the magnitude of the PSD for
low Strouhal numbers.
PIV results are then obtained in the horizontal mid-plane (through the point of maxi-
mum RMS(CP ) of the base pressures, Figure 1.16b), but the model is now at a small
yaw angle of β = −0.35o. The results show a small asymmetry as would be expected,
with a larger vortex core on the right hand side of the base corresponding to a lower
pressure region, Figure 1.17a. The instantaneous PIV and surface pressure results can
be conditionally averaged to obtain the two bi-stable modes, a ”left” mode (Figure
1.17b) and a ”right” mode (Figure 1.17c). Volpe et al. then go further to spatially
average these results and obtain the symmetric pressure and PIV fields seen in Figure
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1.17d. It is perhaps unexpected that the average of these results gives a symmetric
field as it would indicate that at small yaw angles it is the dominance of one of these
bi-stable modes that provides an asymmetric time average field rather than a funda-
mental change to the overall wake topology which is in fact the same as at the zero
yaw case. Further investigation of the yaw sensitivity of the bi-stability phenomenon
shows that it can be affected by yaw angles as small as β = 0.1o with a single mode
present (and hence a change to wake topology) at yaw angles as small as ±0.5o.
(a) Experimental Set Up
(b) RMS(CP ) for the base
of the Ahmed model
(c) Bi-stable behaviour of
the pressure field
(d) PDF of each bi-stable
state from the pressure field
Figure 1.16: Analysis of bi-stability on the Ahmed model through pressure
measurements, Volpe et al. [23]
All the planes of data collected had the same conditional averaging applied and then
were split into two data sets that each represented a wake state, ”left” or ”right”.
The data between the PIV planes was then interpolated into a volume grid so that an
iso-surface of V/V∞ = 0.1 can be drawn, Figure 1.18. As the wake shifts from a ”left”
condition (Figure 1.18a) to a ”right” condition (Figure 1.18b), it becomes clear that
this is not just affecting the horizontal mid-plane but instead is a twisting of the whole
wake torus structure. If these two modes are spatially averaged together (as in the
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planar results) a symmetrical wake torus is seen which is similar in structure to that
presented by Roumeas et al. [8] from CFD results and Perry, Almond & Passmore [10]
using tomographic PIV.
(a) Time Average of
the Results
(b) “Left” Mode (c) “Right” Mode (d) Average of the
two phases
Figure 1.17: Decomposition of the PIV and pressure results, Volpe et al. [23]
(a) “Left” Mode (b) “Right” Mode (c) Spatial average of
the two modes
Figure 1.18: Iso-surface of V/V∞ = 0.1 interpolated from planar PIV data, Volpe et
al. [23]
Overall the squareback wake structure is relatively well understood in its time averaged
form, however understanding of its unsteady flow features is only just beginning. There
is much still to be learnt about the interaction of the wake structure and the base
pressures, and the interesting feature of bi-stability has only just started to be explored
in research.
If a slant is now applied to the trailing edge of the roof of a squareback then the wake
structure develops flow features more commonly seen with a hatchback geometry.
20
Chapter 1. Introduction 1.3. Vehicle Flow Structures
The transition between these two wake regions has been investigated for many years
including, for example: Ahmed et al. [24], Ahmed [5], Howell & Le Good [25] and
Vino et al. [26]. The slanted region is generally referred to as the backlight, while the
remaining vertical region of the model is still referred to as the base.
Through the introduction of this backlight angle, the base area is reduced but several
new wake structures are created compared to the squareback geometry. The most
important of these is the formation of longitudinal vortices, attached flow on the slant
and a smaller recirculation region against the vertical base section. The longitudinal
vortices are caused by the flow curling up (rotating inwards, towards the vehicle centre-
line) and over the C-pillar itself, generating a rotation within the flow; the vortices are
counter-rotating and between them a downwash is induced, Hucho [1], Figure 1.19.
(a) Low Drag Case (b) High Drag Case
Figure 1.19: Vortex Structures off the rear of a hatchback vehicle, Keating et al.
[27]
In a study by Ahmed et al. [24], it was seen that as a backlight angle was increased
from 5o to 30o, the base area was reduced by 31.5% of the model frontal area and
the base drag component of total drag was reduced by 57%. At the same time the
backlight area is increased by 31.5% of the frontal area and the slant contribution to
pressure drag increases by 61%. From this it can be deduced that there is a optimum
location where the drag reduction on the base surpasses the drag increase of the slant,
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creating an optimal geometry for drag reduction. At backlight angles greater than the
optimal geometry, found by Ahmed et al. at 12.5o, there is only an increase in vehicle
drag.
When there is a backlight slant angle, the longitudinal vortices that are formed move
inboard of the slant edge as they convect downstream. Unsteady numerical simulations
by Krajnovic & Davidson [28] and Roumeas et al. [29] both found a small pair of trailing
vortices located underneath the more defined longitudinal vortices which are held close
to the slanted surface.
It is desired to maintain attached flow on the backlight until the transition to the vertical
base is reached and increase the base pressure, while avoiding the drag increase caused
by the longitudinal vortex drag. The backlight effectively induces a downwash to the
shear layer, Littlewood & Passmore [9], and also brings the wake inwards as shown by
Vino et al. [26], and by Ahmed et al. [24].
As the backlight angle is increased the longitudinal vortices become stronger, Leinhart
& Becker [30], and the pressure gradient driving the system increases. The flow in the
central portion of the slant remains fully attached, until the transition to the vertical
base section for angles less than ≈ 12.5o, as shown in CFD simulation by Keating et
al. [27], Figure 1.20. This is accompanied by an acceleration of the flow over the
leading edge of the slant leading to a small area of low pressure, shown in Figure
1.20a. As the slant angle is increased from 12.5o up to 25o there is progressively more
separation on the slant (Figure 1.20b) however, when the slant is of a reasonable length
(21.2% of model length in this case), reattachment will occur within this length. The
pressure over the slant will progressively decrease as the angle is increased, increasing
its contribution to pressure drag as discussed previously and shown in Ahmed et al.
[24].
The induced downwash area between the C-pillar vortices, at angles below the critical
angle, encourages the flow to remain attached over the central portion of the backlight,
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separating only at the transition to the base, and therefore there is a smaller recircula-
tion region downstream of the base, which sees some pressure recovery in comparison
with the squareback case, Vino et al. [26].
Eventually the backlight angle becomes critical at approximately 30o and this will be
the maximum angle at which the flow reattaches over the slant length; at this point the
longitudinal vortices will be at their strongest and the overall drag is at a maximum,
Figure 1.19b. As these vortices travel downstream away from the vehicle they tend to
move down towards the road and also spread outwards. They will still be detectable
large distances behind the vehicle, Hucho [1]. At angles greater than 30o, the vortices
”burst” resulting in a wake structure very similar to that of a squareback vehicle (Hucho
[1], Leinhart & Becker [30]) and give rise to an abrupt drop in drag, Figure 1.21. There
will be a separated region over the backlight and the flow will resemble a single large
recirculation zone, Keating et al. [27].
Vino et al. [26] found that in unsteady measurements in the wake of an Ahmed model
with a 30o slant, there was a characteristic Strouhal number (based on
√
FrontalArea)
between 0.36 ≤ St√A ≤ 0.39 depending on the Reynolds number, that was seen on
both the backlight and base. Looking at the phase relationship between two pressure
tappings on the upper and lower base it was seen that the two recirculation bubbles
on the base were shedding ≈ 180o out of phase in a similar fashion to a von-Karman
vortex street. When comparing a pressure tapping on the slant with one from the
upper base there is a phase lag of ≈ 20o, suggesting in-phase shedding between the
separated region in the centre of the slant and the upper base recirculation bubble; this
indicates that rather than two discrete separation regions, there is in reality a single
large recirculation region as flow is not able to reattach on the slant length when the
angle is at the critical point. The 20o phase difference is due to the time it takes
for a flow structure to convect between the two tappings. However the measured
turbulence intensities show that the region near the base is relatively steady with the
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highest intensity in the axial and vertical directions indicating that each recirculation
bubble is growing in the axial and vertical directions before shedding, followed by the
alternate bubble growing.
(a) Mean centreline streamlines with
static pressure contours
(b) Iso-surfaces of zero total pressure
Figure 1.20: Wake Structures for varying backlight angles on an Ahmed Body,
Keating et al. [27]
(a) High Drag Case - 25o Backlight
Angle
(b) Low Drag Case - 35o Backlight
Angle
Figure 1.21: Vortex Structures off the rear of a hatchback vehicle below and above
the critical angle, Leinhart & Becker [30]
With advances in experimental techniques it has been found that the classic C-pillar
longitudinal vortices are actually the convection and pairing of many smaller vortices
from an unsteady separation as flow from the sides is drawn onto the slanted surface
due to the pressure gradient. Sims-Williams et al. [31] used an Ahmed model in a
water tank and dye injection through narrow (<< 1mm) bleed slots on the edge of
the C-pillar to visualise this phenomenon, Figure 1.22a. Within the model was a dye
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reservoir which fed through to the slots just upstream of the C-pillars and along the
length of the C-pillar. It was important that the dye was not forced out of the slots,
therefore energising the boundary layer and so the system pressure was variable up to
1bar to account for run speed and the location of the dye injection. It was also ensured
that the thickness of the dye sheet injected was two orders of magnitude thinner than
the boundary layer on the sides of the model to ensure minimal interference.
The results from the dye injection experiment showed C-pillar vortices are made up
of sub-vortices that are shed coherently from the whole length of the backlight slant
before undergoing pairing and then rolling up into the common C-pillar vortex structure
(Figure 1.22a). As shown in Figure 1.22b, individual sub-vortices are shed along the
length of the rear slant edge and these could be identified at low Reynolds numbers.
These were shed at 8 ≤ St√A ≤ 12 which was quantified through video frame analysis
of the time taken for the formation of 10 discrete vortices. It was proposed that this
frequency would be dependant on the boundary layer thickness on the backlight and
this was partially validated as the rate of vortex production increased with backlight
angle.
(a) Rear quarter view showing
discrete sub-vortices forming
periodically at the C-pillar
(b) View of the C-pillar vortex core
showing discrete sub-vortices
Figure 1.22: C-pillar vortex visualisation, Sims-Williams et al. [31]
However this work was conducted at a much lower Reynolds number than that experi-
enced in the real world, so wind tunnel testing was also conducted by Sims-Williams et
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al. to see if there was a persistence of the observations at higher Reynolds Numbers.
Only weak spectral components were seen that may have been likened to vortex pairing
but there was no clear periodicity as was previously seen in hot-wire measurements of
an Ahmed model wake by Sims-Williams & Dominy [32],
Howell & Le Good [33] conducted experimental work on the relative impact of vortex
drag created by the longitudinal vortices as backlight angle was varied using a Windsor
model with backlight angles of 0o, 10o, 25o, and 40o and varying ground proximity. It
was seen that when close to the ground the drag varies linearly with ground clearance;
Howell & Le Good hypothesise that the ground proximity causes a virtual shape change
that effectively cambers the vehicle body and changes the drag-lift relationship. From
the work conducted by Williams et al. [34] it can be theorised that this is due to
the flow conditions under the model resulting in a an effective blockage consequently
preventing a shear layer emanating from the vehicle underside. This would remove
or weaken any vortices emanating from the lower corners of the model and therefore
effectively camber the vehicle towards to the onset flow. Sims-Williams et al. [13]
found that the longitudinal vortices made the shedding out of the wake structure
far less periodic than it was in the squareback case, and more easily affected by the
background flow; this is combined with far weaker unsteady structures being found in
the wake seen through in phase oscillation of longitudinal vortex strength and vertical
location.
All of this work has been done with a slant length of 21.2% of the model length but
recently Littlewood & Passmore [9] have conducted work on the Windsor model using
a slant length of just 4% of the model length at slant angles between 0 − 20o. It
was found that the drag coefficient dropped rapidly up to an angle at 12o, after which
there was a rapid increase in the drag again. These results are very close to those
presented on the Ahmed model even though with the short slant length it would be
expected that full separation and the critical angle would be significantly lower given
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the short distance over which reattachment can occur. However over this short slant
length there will be little opportunity for the characteristic longitudinal vortices to form
and consequently the wake topology may remain closer to that of a squareback vehicle
than a hatchback.
1.4 Shear Layer Modification and its implications on
Base Pressure
While much work has been done on vehicle specific geometries with the aim of opti-
mising the coefficients around a specific geometry there has also been relevant work
done on both vehicle geometries as well as axisymmetric bodies investigating how dif-
ferent features affect the shear layers and wake structure. This has been attempted
through a variety of passive techniques including: body shape modifications, surface
roughness, splitter plates, flaps and cavities, and base bleed; and active techniques, for
example: steady blowing, pulsed blowing, oscillated suction and blowing, and steady
suction (these are covered in Section 1.6). These methods aim to alter either the
boundary layer before separation or the shear layers and wake recirculation.
Choi et al. [35] summarise that at low Reynolds numbers a bluff body will mainly
be subjected to skin friction from the viscous nature of the surrounding flow however
once the flow over a bluff body exceeds a critical Reynolds number, shedding will
start in the wake creating a pressure drop on the base of the body, and this needs
to be controlled if overall drag values are to be reduced. Vortex shedding will occur
behind both two- and three-dimensional bluff bodies, although it will be far weaker
for three-dimensional shapes, Bearman [36]. Consequently, because of the stronger
phenomenon, much of the research work has been conducted with two-dimensional
bodies. For three-dimensional shapes, it is also accepted that the wake will primarily
consist of longitudinal vortices as opposed to the transverse vortices seen for two-
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dimensional shapes and for this reason, much of the active flow control research done
on two-dimensional bodies does not transfer well onto three-dimensional geometries.
Kim et al. [37] used a square cylinder being raised from h/H = 0 to a ground clearance
of h/H = 1.5 to investigate the vortex shedding around a bluff body. As Kim et al.
raised the cylinder away from ground proximity, they found that there is a critical gap
height of h/H = 0.5 under the model after which the momentum carried by the lower
shear layer becomes sufficient for coupling to occur with the upper shear layer and
shedding will commence. Below this critical gap height the lower shear layer has a
structure similar to that of a jet flow, and once expelled from the region under the
model the flow just disperses into the disorganised wake. This prevents the coupling
of the shear layers and therefore no vortex shedding occurs. Above this critical gap
height regular shedding will occur and the recirculation length is shortened. However
this work is conducted at a low Reynolds number of ReH = 18× 103.
Choi et al. [35] conducted work on two-dimensional bluff bodies which exhibited regular
shedding by applying geometric modifications and active methods to control the shear
layers emanating from the models. One of the most successful results, again at a low
Reynolds number of ReH = 4200, was a passive method when a series of tabs (or
vortex generators) were placed on the upper and lower trailing edge; this resulted in
a 33% increase in the model base pressure and completely removed the regular von-
Karman vortex street from the near wake - alternate vortex shedding was still seen
further downstream.
Hoerner [38] proved that artificial roughness, such as a sand strip, will thicken the
boundary layer and this creates a change to the drag coefficient of a bluff body which
would inherently suggest a change to the pressure drag of the object. Choi et al. [35]
showed that near wall momentum can be increased through causing the boundary layer
to transition to turbulence early or by causing a separation and reattachment upstream
of the main separation; this can be prompted by the presence of surface roughness.
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If the flow is to separate from the model surface and reattach, then a disturbance to
the flow is normally required to prompt this behaviour, such as golf ball dimples which
cause the flow to separate and have a shear layer instability which in turn generates a
large turbulence intensity that results in a higher near wall momentum when the flow
reattaches. This will provide a similar effect to that produced by the introduction of
freestream turbulence such as that shown by Newnham [39].
Mariotti & Buresti [40] manipulated the boundary layer over an axisymmetric model
out of ground effect, with the addition of roughness strips (emery cloth). Skewness
(the third moment about the mean) and kurtosis (the fourth moment about the mean)
results from hot wire traverses of the wake were used to define the edges of the shear
layer and therefore the wake structure. Within the boundary layer itself, the peak of
skewness and kurtosis are used to define the edge of the boundary layer, which is shown
to be a far more repeatable analysis, with less uncertainty in the calculation, than when
the δ99 value is used. This is a method that has previously been proven by Fabris [41]
when analysing the wake of a generic cylinder. Mariotti & Buresti used the probability
density function (PDF) of four single wire probe results to examine the skewness of
the streamwise velocity and found a sharp negative peak at the edge of the wake due
to a more constant flow field. The kurtosis of the streamwise velocity shows a near
Gaussian value of 2.76 at the vehicle centreline and this again has a sharp peak at the
edge of the wake. It was proposed that the intermittency of the vortices is linked to
the kurtosis through Equation 1.2, where K is the kurtosis and γ is the a numerical
measure of the intermittency.
γ =
Kcentreline
K
(1.2)
For the smooth model used by Mariotti & Buresti the wake is seen to be symmetric
in the horizontal plane but there is a large degree of asymmetry in the vertical plane
caused by the faired strut used to support the model. The horseshoe vortex generated
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between the faired strut and the model body induces an upwash to the wake creating
the asymmetry. This is also supported by Grandemange et al. [21] who found that the
flow past an asymmetric model is prone to reacting to even small disturbances. The
results seen in the vertical plane highlight the importance of the mounting method
when investigating base pressure and the free shear layers emanating into the wake.
As the emery cloths are added to the model body it is seen that the boundary layer
thickness increases from δ/D = 0.107→ 0.171 while the shape factor remains constant
at H = 1.4. The increased surface roughness led to an increase in the width of the
wake and the length of the recirculation region in both the horizontal and vertical
planes, Figure 1.23. The length of the recirculation region was defined by Bearman
[42] as the distance between the base of the body producing the vortices and the
location where there is a minimum spacing between the vortices.
(a) Horizontal Plane (b) Vertical Plane
Figure 1.23: Black Symbols show the peaks of skewness and white symbols show
the peaks of standard deviation, Marioti & Buresti [40]
Figure 1.24 shows that increasing boundary layer thickness leads to a slower response
of the longitudinal velocity after x/D = −0.3 and an overall lower peak velocity at
x/D = 0.3, as shown for both planes in Figure 1.24. After this point, all the longitudinal
velocity profiles (in the horizontal plane and also the upper and lower shear layers seen
in the vertical plane) show a deceleration of the flow with the peak deceleration moving
downstream as the boundary layer is thickened. In the vertical plane, both the upper
shear layer (where the model is open to freestream conditions) and the lower shear layer
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(which is affected by the faired strut) show that as the boundary layer is thickened the
velocity profile becomes flatter, Figure 1.24b. An acceleration of the flow is seen in
the upper shear layer starting where the instability in the recirculation region is seen;
this acceleration is delayed by the increasing boundary layer thickness indicating that
the shear layer instability has been shifted downstream, and this can also be said of
the horizontal shear layer, Figure 1.24a. The smallest variations due to thickening
boundary layer are seen for the lower shear layer, and there are far higher initial flow
disturbances caused by the faired strut, Figure 1.24c.
(a) Horizontal Plane (b) Vertical Plane, Upper Side
(c) Vertical Plane, Lower Side
Figure 1.24: Longitudinal Velocity distribution along the edges of the boundary
layer and of the near wake, Marioti & Buresti [40]
It was concluded from the work of Mariotti & Buresti that the shape and size of the
recirculation region is in direct relationship with the mean drag value of an axisymmetric
body. In this work the change has been brought about through stabilising the shear
layer so that instabilities are seen further downstream and the recirculation length is
increased. The thickened boundary layer over the model results in a lower energy
shear layer, and with it a lower energy wake, with the shear layer vorticity being
reduced, which is directly linked to the perturbation energy (a function of the vorticity
continuously generated over the model body that is introduced to the wake).
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Work by van Raemdonck [43] intended to apply the principle demonstrated by Hoerner
[38], in particular exploring the relationship between the boundary layer thickness and
the corresponding base pressure when applied to a vehicle shaped bluff body. Using
a simplified bluff body with a flat front face (similar to the Ahmed model but with a
higher aspect ratio of W/H = 1.35), the fore-body roughness was varied through the
application of layers of zig-zag tape, shown in Figure 1.25a. Testing was conducted
at a Reynolds number of ReL = 4.5 × 106 and the model is shown to be Reynolds
insensitive at this test speed. A raised ground board was placed in the working section
to reduce the influence of the tunnel boundary layer on the model underbody and the
model was placed at a ground clearance of h/H = 0.14 from this ground board.
Using flow visualisation the baseline vehicle showed that a separation bubble is created
by the flow travelling around the front radii; however when the thinnest layer of tape
(0.65mm) was added then this was suppressed and the drag coefficient dropped to its
lowest value of CD = 0.327 (∆CD = −0.002). Conversely, the base pressure dropped
to it’s lowest value also, which would normally correspond to an increase in the overall
drag value of the body. When the tape thickness was increased beyond 0.65mm there
was a steady increase in the overall drag, while the base pressure also increased (reduced
base drag). At a tape thickness of 1.55mm there was actually an increase to above the
baseline drag while also having the highest base pressure. Through a hot-wire analysis
of the boundary layer around the vehicle it was seen that the boundary layer thickness
was at a minimum when the 0.65mm thick tape was applied. After this all further
tape thicknesses caused an overall increase in the boundary layer thickness.
Two dimensional PIV fields on the streamwise centreline showed a large upper recir-
culation region with only a small lower lobe of the wake torus, Figure 1.26, and the
influence of the changing fore-body conditions did produce a small effect on the wake
topology. It was seen that when the boundary layer was thinned with the application
of the 0.65mm tape the free stagnation point is raised when compared to the no tape
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case. However when more tape was applied and the boundary layer was thickened,
the stagnation point moves downwards. There was no clear trend to the longitudi-
nal movement of the free stagnation point and the two vortex cores do not move
significantly.
(a) Tape on the Flat Front
Surface used to create
additional surface
roughness
(b) Overview of the average pressure
coefficients for the different
configurations
Figure 1.25: Fore-Body Roughness Effects on Base Pressure, van Raemdonck [43]
Figure 1.26: Wake Structure of the modified Ahmed geometry, van Raemdonck [43]
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The fact that the minimum drag value occurred when there was maximum suction on
the vehicle base is contradictory, however the thinner boundary layer causing a larger
amount of suction on the base is concurrent with the findings of Hoerner [38].
Newnham varied the radius of the top and side leading edges for a flat faced model and
recorded the change to the bluff body drag and lift coefficients, as well as centreline
base pressures. This model had an aspect ratio of W/H = 1.02 and had a length of
81% of the Ahmed geometry so that the effects of the fore-body and rear separation
are not isolated. The model was tested in a fixed floor tunnel with no boundary layer
treatment at a ground clearance of h/H = 0.160.
Newnham found that when using the largest radius of r/W = 0.256 (therefore creating
minimum fore-body drag as any separation would be suppressed) the suction on the
base was highest but the overall model drag was lowest, as found with van Raemdonck
[43]. Newnham suggests that the thinner boundary layer over the model length gives a
sharper separation at the rear edges with less mixing in the shear layer, creating more
suction on the base. However the base pressure results presented by Newnham, conflict
with the wake topology presented by van Raemdonck. Newnham showed that along
the vertical centreline of the base the lowest pressure region was in the lower portion
of the base, with pressure recovery occurring towards the top trailing edge (as is often
seen in pressure distributions reported on squareback vehicles, for example: Littlewood
& Passmore [9] and Volpe et al. [23]). However the velocity distribution seen in Figure
1.26 would create the inverse of this for which no explanation is provided.
Characterisation of the flow structures seen around the front of a bus-shaped body was
completed by Krajnovic & Davidson [44] where a 19mm radius is applied to all front
edges of the model, with a model length of 460mm. From the work done by Newnham
[39], it is known that the flow around this radius will be separated until Rer = 1.08×105
(using the clean tunnel result as here the flow has a turbulence intensity of 0.3%,
which is similar to the 0.2% used by Newnham). Using a reverse calculation, it can
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be estimated that the simulation work was conducted with a freestream velocity of
25m/s, giving a Reynolds Number based on edge radius of Rer = 0.32 × 105 which
is pre-critical. However this is justified with the explanation by Krajnovic & Davidson
[44] that the flow around a bus at full scale is likely to be detached around the front
radii, and therefore the simulation work is relevant.
Figure 1.27: Fore-body separation around a simulated bus model, Krajnovic et al.
[44]
Key features around the front radii are identified by Krajnovic & Davidson [44] shown
in Figure 1.27. Small hairpin vortices are lifted from the body at location R (where
the radius changes to the flat of the roof, sides and floor of the model) and then
are quickly broken down as they reattach to the body. By time averaging the data
the separation regions, labelled R and L in Figure 1.27, are created with lengths XR1
and XS respectively. It is the hairpin structures that must be suppressed to reduce
the overall vehicle drag, through either geometry modifications or additions (such as
turbulence trips). Krajnovic & Davidson also produced plots of the resulting wake
structure, Figure 1.28. Looking at the planar slice through the wake, Figure 1.28a, the
smaller lower recirculation region is attributed to the small ground clearance which acts
to reduce the amount of fluid being entrained into this region of the wake. Krajnovic &
Davidson found that this vortex is also very unsteady and is created from the average
of many different instantaneous structures. However a modified version of the upper
recirculation is visible in the instantaneous fields. A three-dimensional visualisation of
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this wake structure is shown in Figure 1.28b, however this pressure iso-surface does not
capture the imbalance between the upper and lower lobes of the torus as the planar
data did.
(a) Planar streamlines on the streamwise
centreline plane
(b) Iso-surface of the time-averaged
pressure p = −0.20
Figure 1.28: Wake Structure on the streamwise centreline of a Squareback bus
model, Krajnovic et al. [44]
If the surface pressures were taken from Figure 1.28a, the lowest pressures would be
recorded in the upper base (as in the work of van Raemdonck [43]) with pressure
recovery occurring towards the bottom trailing edge; this is also seen in the work
of Grandemange et al. [45] on an Ahmed geometry installed in a wind tunnel over
a ground board and with a ground clearance of h/H = 0.174. Grandemange et al.
suggest that the change to the flow conditions under the model is due to ground effect
encouraging reattachment of any flow that separates around the front edges and this
then gives an asymmetric distribution of surface pressure on the base.
1.5 Passive Flow Control Methods
Passive flow control is a technique that has been used for many years; it could be said
that the original aerodynamic development of vehicle body shapes was the first step
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in passive flow control, but they have equally been applied to axisymmetric bodies in
fundamental studies such as vortex generators used by Choi et al. [35]. Passive flow
control can be seen as an intrusive method due to its necessity to modify the basic
geometry. While any shape change that differs from the baseline could be described as
a passive optimisation, within vehicle aerodynamics there are clearly defined categories
that emerge in research: boat-tails, trailing flaps, cavities and vortex generators.
1.5.1 Trailing Edge Modifications
Starting with a squareback vehicle geometry, the first passive approach may well be
to boat-tail the rear trailing edges. A boat-tail involves tapering the rear edges to
encourage the flow to turn and form a tighter wake structure, and can be extended all
the way down to a full tail, ending in a point (Figure 1.29a) although this is obviously
not practical on the public roads. As these boat-tails are introduced, the longitudinal
vortices discussed earlier will be introduced and the wake topology will shift towards
that of a hatchback vehicle on potentially all four slanted surfaces.
The first study found is reported by Peterson [46] at NASA, where the boat-tails
are applied to both a 1/10 scale wind tunnel model and a full scale road vehicle. The
length of the truncated boat-tail was selected so that the boat-tail finished just after the
point of separation (determined by flow visualisation using wool tufts). By using the full
boat-tail, an average drag reduction of 32% was achieved when compared to a standard
tractor-trailer yet the wind tunnel results had suggested that a 37% drag reduction was
possible. With the truncated boat-tail a 31% drag reduction was achieved whereas the
wind tunnel results managed a 38% drag reduction. The differences can be attributed
to the idealised conditions under which wind tunnel testing was completed and also
differences in the vehicle geometry between model and full scale.
Using the knowledge that a truncated boat-tail can achieve positive results, Wong and
Mair [47] investigated to see if there was any merit to applying the boat-tailing to
37
Chapter 1. Introduction 1.5. Passive Flow Control Methods
all four base edges of an axisymmetric body out of ground effect. A comparison was
made between the application of a slant to all four edges compared to just the top
and bottom edges; greater drag reductions were obtained with four edges boat-tailed
compared to two. With the four edges boat-tailed there was a reduction in drag when
there was a 10o ≤ φ ≤ 25o slant angle on all four sides, with a maximum reduction of
∆CD ≈ −0.09 at an angle of 20o and a slant length of 5% of the model length. When
only the top and bottom edges have a slant applied there is only a drag reduction
when a 10o ≤ φ ≤ 15o slant angle was used and this had a maximum reduction of
∆CD ≈ −0.02; beyond this point there was a sharp increase in the drag.
(a) Full Boat-tail (b) Truncated Boat-tail
Figure 1.29: Examples of Boat-tails used in work conducted by Peterson [46]
A similar study by Lanser et al. [48] uses a full scale tractor-trailer tested in a wind
tunnel. The results show that a boat-tail is also effective at reducing drag by ≈ 9.8%
over a range of yaw angles of ±15o. This is a positive attribute as another aim of
flow control is also to encourage lateral stability and crosswind stability (effectively
modelled through yaw testing in a wind tunnel environment).
Perhaps a less obvious form of boat tailing is when the optimisation is just applied to
the top slant, progressing the vehicle from a squareback to more of a generic hatchback
shape, such as the work conducted by Littlewood & Passmore [9] and Howell & Le
Good [25]. Howell & Le Good [25] concluded that base drag decreases linearly as an
increasing top edge slant is applied; this is due to the linear variation of the base area
and the corresponding base pressure coefficient, however a better parameter to measure
this by is the ratio of base to frontal area. As discussed earlier, the application of a
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rear slant is a compromise as vortex drag becomes increasingly present and has been
shown by Howell & Le Good to increase approximately with the square of backlight
angle which in turn will lead to an increase in overall vehicle drag.
If the baseline geometry must remain fixed then results similar to the boat-tails can
be obtained through the addition of trailing edge flaps, which when applied on all
trailing edges will form a base cavity. Kowata et al. [49] applied a range of flaps to the
rear of a squareback Ahmed model with a small underbody diffuser, shown in Figure
1.30a. The flaps were all 20mm in length (1.9% of the model length) and the diffuser
was swept through a range of angles from 0o → 12o. For all of these configurations,
Figure 1.30b, the addition of a flap (even when the diffuser is at a 0o angle) causes a
reduction in drag from the baseline vehicle; the best result, a 27% reduction in drag, is
found when a cavity is formed and the diffusing section has a 3o angle. This is realised
through an average increase in the base pressure of 45% which is a consequence of
the flaps moving the near wake vortices further downstream away from the base and
leaving a region of higher pressure air near the base surface. The slanting of the model
underbody thinned the wake in both the horizontal and vertical plane, and the flaps
helped to shorten the length of the wake; the side and lower flaps also acted to suppress
the primary shedding frequency from the diffuser into the wake.
(a) Flaps used on the Ahmed Model (b) Drag Results for all
Configurations
Figure 1.30: Images from the work of Kowata et al. [49]
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(a) Base Edge Flaps at Model Scale (b) Base Edge Flaps at Full
Scale
Figure 1.31: Experimental Configurations used by McCallen et al. [50]
Figure 1.32: Influence of Drag Reduction Devices used by McCallen et al. [50]
Similar work has also been done on the flow structures emanating from the ends of
tractor-trailer units at both model and full scale. McCallen et al. [50] mounted simple
flat plates to the rear edges of a trailer and swept through a range of flap angles. The
base flaps shown in Figure 1.31a gave a 50% greater drag reduction over boat-tailing
(in comparable wind tunnel tests) showing the added aerodynamic advantage of having
a cavity in place. As shown in Figure 1.32 the base flaps create a 15% reduction in
drag coefficient over the baseline vehicle, and the optimum case in the wind tunnel is
found at a flap angle of 12o inwards from the trailer sides. When flaps are then added
to a full scale tractor-trailer, it is found that the optimum angle is around 13o; these
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differences can be attributed to the more complex geometry of the full scale vehicle
and the lack of lower edge flap (as seen in Figure 1.31b) - this had to be omitted due
to a lack on mounting locations on the trailer. However an interesting point to note is
that all flap angle cases (between 10 ≤ φ ≤ 22o) at full scale found a drag reduction
when compared to the ”no flaps” case.
Flaps have also been shown to provide successful flow control on a modified Ahmed
model in a hatchback configuration by Beaudoin & Aider [51]. Flaps were added to
all edges at the rear end of the wind tunnel model as shown in Figure 1.33 and their
angles were able to be modified via servo-motors. All the flaps were 20mm long, 2mm
thick and were the full length of the edge they were mounted to.
Figure 1.33: Flaps on the rear of the Ahmed model, Beaudoin and Aider [51]
Referring to the labelled flaps in Figure 1.33, when only Flap 1 is present it acts as a
spoiler giving a minimum drag value when the flap is horizontal, effectively returning
the model to a squareback Ahmed model and removing the vortex drag induced through
the rear slant. The side flaps (labelled as 4 in Figure 1.33) are in place to modify the
longitudinal vortices, and create a large drop in drag (18%) and lift coefficient (92%)
when the flaps are at 20o from the vertical. Without the longitudinal vortices being
present, the separation bubble on the rear window is not contained and may grow
freely, again returning the vehicle wake to something close to that of a squareback
Ahmed model. Flap 2 was also effective in reducing the drag coefficient when at an
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angle of 65o, but also caused an increase to the drag values if the angle was less than
45o. This flap disturbed the recirculation bubble on the slant and the recirculation
torus against the vertical base, giving a large change to the near wake structure and
therefore the base pressure.
Recent work by Grandemange et al. [52] has added flaps to the top and bottom base
edges of an Ahmed model to find a relationship between the two flap angles. This
work can be seen as a development of the work conducted by McCallen et al. [50],
except the flap angles are independent of one another and a true optimum can be
found. A short flap length of 50mm (4.7% of the model length), similar to the slant
length used in the work of Littlewood & Passmore [9], was used; however it must be
considered that these will still increase the overall vehicle length and will contribute
a small amount of drag in the form of skin friction. The ground clearance is fixed at
h/H = 0.17 with the model mounted on a raised ground board to minimise the floor
boundary layer.
Figure 1.34: Experimental set up of the work conducted by Grandemange et al. [52]
Through this work it was found that when the lower edge remains square and a range
of top flap angles are considered, lift fits to an affine function and drag demonstrates
a parabolic relationship with top flap angle, Equations 1.3 and 1.4. This yielded an
optimal top flap angle of φT = 6
o which is different to the optimal top taper angle
of φT = 12
o found by Littlewood & Passmore [9] when applying a rear taper to a
Windsor Model. While it is understood that there is a difference in the baseline model
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geometry this has had little effect on changing the optimum angle in previous studies.
This difference in the optimum angle demonstrates that moving the separation point
of the upper shear layer and upper recirculation vortex away from the base results in a
higher base pressure at a lower flap angle. This has the benefit of inducing less vortex
drag whilst still narrowing the wake.
CD = 0.243 + 0.457(φT − 0.110)2 (1.3)
CL = 0.600φT − 0.143 (1.4)
CD = CD0 + α(CL − CL0)2 (1.5)
By taking the relationships found with the square lower edge and sweeping both the
bottom and top flap angles asynchronously, the plot shown in Figure 1.35a can be
produced. The same quadratic relationship between lift and drag is seen for all sweeps
of top angle, and this can be simplified to a single function as shown in Equation 1.5
- where CD0 and CL0 are the values for the drag and lift coefficient at the vertex of
the respective parabola; using this it is then seen that when α = 1.25 all the curves
collapse, Figure 1.35b.
When considering the respective optimal lift coefficients CL0 , it is found that they
have a linear relationship with bottom slant angle. Furthering this, the optimal drag
coefficients CD0 generate a quadratic relationship with the optimal lift coefficients CL0
as shown graphically in Figure 1.36 and mathematically in Equation 1.6. Using this,
the optimal angles would be φTopt = 9.2
o and φBopt = −7.4o; the closest experimental
result to this was φT = 12
o and φB = −6o resulting in a drag coefficient of CD = 0.240
and a lift coefficient of CL = −0.133.
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(a) Drag Coefficient vs Lift Coefficient as a
function of top slant angle; + symbol,
φB = 6
o; o symbol, φB = 0
o;  symbol,
φB = −6o; 4 symbol, φB = −12o; 5
symbol, φB = −17o; dashed lines represent
the polynomial fits
(b) Drag Coefficient vs Lift Coefficient
for different values of φB centered on
their respective value of CD0 and CL0 ;
symbols are the same as Figure 1.35a
Figure 1.35: Drag vs Lift Plots taken from Grandemange et al. [52]
Figure 1.36: CD0 vs CL0 as a parametric function of bottom slant angle φB = 0
o,
Grandemange et al. [52]
CD0 − CDopt = β(CL0 − CLopt)2 (1.6)
Overall this work shows a good approach to rear end optimisation, particularly the
post processing of the data. However there are several differences between this and
the work completed by Littlewood & Passmore [9]. The presence of a cavity has a
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large influence on this work and therefore the results on a boat-tailed model would
be considerably different. However in both cases a short slant length has been used,
and this indicates that the characteristic separation and reattachment that is seen over
long hatchback lengths would not be possible.
When Duell & George [12] applied a cavity to the rear of an Ahmed model, it was found
that the cavity suppressed the low frequency pumping that was near the model base,
and reduced the velocity fluctuations by up to 50%, with the base pressure increasing
between 4−11% depending on the cavity depth. By looking at the flow outside of the
cavity, it is shown that a boundary is created to the unsteadiness by the open face of
the cavity leaving the air near the base relatively undisturbed and moving the unsteady
flow further downstream. However the shear layers now start at the end of the cavity
walls and the recirculation length is increased.
Figure 1.37: Plates forming a cavity on the rear of a squareback bluff body model,
Khalighi et al. [14]
Khalighi et al. [14] also found this to be the case but with a 20% drag reduction
through the use of 50mm wide plates added onto the base away from the edges to
form a central cavity, Figure 1.37. These allow the flow to reattach to the top of the
plate after it has separated from the main model body creating a vortex ring and a
region of lower pressure and adversely affecting drag, while the reattached flow also
serves to slow the flow down and therefore there is a pressure increase by the final
separation point with a positive effect on drag. This combined with the cavity effect -
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resulting a region of near stagnant air in close proximity to the base giving a far higher
base pressure created by the plates - produces the overall drag reduction.
Howell et al. [46] tried to take this one step further by using a cavity with ventilation
slots in the side, however this provided no clear advantage over a regular cavity; the
optimum cavity depth was not able to be reduced and the slots themselves were prone
to causing drag rather than preventing it.
Irving Brown et al. [53] investigated how the cavity structure affected its efficiency by
classing cavities into two categories: inboard (where the cavity is created by moving the
base into what would be the passenger compartment and maintaining over all vehicle
length) and outboard (where plates are added to the end of the baseline vehicle thereby
increasing the overall vehicle length). This work was conducted in a full scale wind
tunnel using an SUV. Regardless of the depth, an external cavity always resulted in a
drag increase, while an inboard cavity will always have a drag reduction regardless of
the cavity wall thickness or depth, with better results occurring with deeper cavities. It
was posited that the external cavities always result in a drag increase due to the added
skin friction drag of the cavity walls, and no pressure recovery due to boat-tailing as
the walls were parallel and had sharp trailing edges. By having the internal cavity,
no additional skin friction was induced but the separation and wake recirculation were
moved away from the base, leaving a region of quiescent air and higher pressure in the
proximity of the base. This resulted in a maximum drag reduction of −3.3%.
1.5.2 Vortex Generators
Vortex generators are small, regularly spaced geometry modifications placed upon a
vehicle body. A horseshoe vortex is created around the base of each generator and
these then interact with each other to create pairs of counter-rotating longitudinal
vortices. Depending on the desired outcome of the control, the spacing of the vortex
generators is set; provided this parameter is optimised the vortices will proceed to
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alter the boundary layer by modifying its energy and either promoting or delaying
separation, Aider et al. [54].The counter-rotating vortices that are produced promote
mixing through two different methods: inflow regions and outflow regions.
In an inflow region, high momentum fluid is entrained into the boundary layer; in an
outflow region the opposite occurs and low momentum fluid from the boundary layer is
expelled into the surrounding flow. Depending on the vortex generator’s parameters it
is possible to have one of these regimes dominating your flow, and therefore exercising a
particular control strategy. If inflow dominates the boundary layer then the flow would
be accelerated and able to further resist separation (much like a blowing scenario
in Active Flow Control, Section 1.6), yet an outflow dominated flow will decelerate
the flow and encourage separation, Aider et al. [54]. The presence of the counter-
rotating vortex is important as it has been identified as a more efficient method of flow
manipulation than co-rotating vortices, Pujals et al. [55].
Aider et al. [54] used a version of the Ahmed model but with the rear section made up
of a curved surface as opposed to the flat edges normally associated with this geometry.
The model has also been shortened to be a closer representation of a modern hatchback
vehicle. The vortex generators have several important parameters that define them:
length L, base width wb, upper edge width we, and the angle between the blade and
the wall α. The final key parameter is the wavelength between each vortex generator
λ. Overall this work focuses on the optimisation of the parameters λ and α along with
the curvi-linear distance S, shown on Figure 1.38a.
(a) Modified Ahmed model
(b) Active Vortex
Generators
Figure 1.38: Experimental Configurations used by Aider et al. [54]
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Primarily, two angles of the vortex generators are investigated (α = 60o and α = 120o).
For both of these it was discovered that the optimal location is upstream of the
flow separation location. However some drag reduction is also seen when the vortex
generators are located downstream of the separation point. When the spacing of the
vortex generators is considered it is discovered that α = 60o is a far more robust
case for further work as the drag and lift reduction are optimised at approximately the
same S location. Overall a large lift change is seen and this indicated that the pressure
distribution has been altered leading to a pressure increase on the rear curvature. When
these results are compared to the use of a rear spoiler (common in production vehicles)
it is found that both methods have a similar lift reduction but the vortex generators
are more successful at reducing the drag value.
By running vortex generators in selected lateral locations, it is possible to see that those
located in the central region predominantly affect the recirculation bubble reducing
drag; the groups of generators closer to the sides appear to make the trailing vortices
stronger and increase the drag value. By using Particle Image Velocimetry (PIV)
it was seen that the vortex generators create an outflow dominated vortex street and
therefore trigger an earlier separation of the flow from the model, which is contradictory
to common flow-field knowledge where a smaller recirculation and weaker longitudinal
vortices are required for a drag reduction. However when the authors considered
the global system it was understood that by modifying the recirculation bubble the
balance between this and the longitudinal vortices shifted. When the vortex generators
are in the optimum position the global streamwise circulation is affected and therefore
the longitudinal vortices are weakened. This weakening contributes a greater drag
reduction than the increase incurred by having the recirculation bubble separating
from the surface earlier.
Furthering from this work, Pujals et al. [55] used an Ahmed body in its standard
configuration with a 25o slant angle along with a set of cylindrical elements that are
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designed to act as vortex generators and create a streak flow which is known to delay
separation on a 2D backward-facing ramp in laminar flow. Once again the drag value
steadily decreases as the roughness elements are moved downstream over the roofline
towards the point of separation, until a minimum drag value is reached. It is discovered
that this optimum position is related to the wavelength λ of the roughness elements so
one cannot simply increase the number of roughness elements to improve the result.
In this case, once the elements are moved past the separation point the drag values
start to increase. This is different to the previous study reviewed where the drag was
still decreased when the vortex generators were placed within the recirculation bubble;
this author would propose that this is due to the curvature on the rear of the Ahmed
model in the previous work resulting in a different fundamental flow topology to that
presented in the work of Pujals et al..
At the optimum location for the roughness array the maximum drag reduction obtained
is around 10%. When conducting PIV it is concluded that the vortex generators in
this case act to suppress the recirculation bubble. The flow remains attached over the
slant increasing the base pressure yet the longitudinal vortices remain unaffected (a
very different result to the previous work).
The work on vortex generators presents an interesting expansion to passive flow control
where the optimum angle of a boat-tail or a trailing flap may be able to be increased
if the separation bubble on the slanting surface can be suppressed, giving a larger drag
reduction overall.
1.6 Active Flow Control Techniques
Active flow control has the potential to change the field of vehicle aerodynamics, due
to its minimally intrusive nature which is attractive for production vehicles, the design
of which is lead through styling. However many studies have been completed and as
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yet, there has been little success when the power required to run the active systems is
offset against the drag savings. It is largely outside the scope of this project however
some studies that are of interest have been selected and reviewed here.
Within active flow control, much interest has been taken in synthetic jets which pro-
vide both suction and blowing; these consist of a diaphragm that is oscillated behind
a plenum, with an orifice allowing the fluid to be expelled into the freestream air.
Synthetic jets are popular due to the fact that they are contained systems and there-
fore require no piping, connections, compressors or air supplies like traditional jets have
done - this makes them lightweight and simple systems to implement. However, practi-
cal research has been more keenly focused on piezoelectrically actuated systems due to
the potential for increased frequency response. These have lower power consumption,
fast response time, reliability and low cost [56].
Synthetic jets have been so successful in research due to their oscillatory blowing being
more efficient than constant blowing [57] in terms of the jet momentum coefficient
required for the delay of separation, particularly if it is applied near the point of separa-
tion at a responsive frequency [58]. However, much work on steady blowing from jets
has been done by Englar ([44], [59], [60]) who found that blowing momentum, Cµ,
Equation 1.7, is a key parameter that must be considered when designing an active
flow control system.
Cµ =
mVj
qA
(1.7)
Englar focussed on heavy vehicles applications such as trucks [61] in the hope that
traction and rolling resistance can be controlled whilst also controlling yaw effects in
the hope of eliminating jack-knifing. The experimental work for this project is reported
in [62]. First a passive optimisation was conducted on the leading and trailing edges
of the trailer by rounding them and this itself reduced the drag value by 15%. In the
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second phase of the experiment blowing slots were located on the trailing edge of the
trailer with the aft rounding still in place giving a jet turning of 90o on all sides of the
trailer. When all the slots were blown together the greatest drag reduction of 44% was
achieved with only a 0.034bar blowing pressure. A second experiment was done with
less jet turning on the upper and lower surfaces and this managed to achieve a 47%
drag reduction at 0.034bar and 50% at 0.068bar.
Englar [63] then progressed this work to full-scale vehicle testing on a tractor-trailer
rig, Figure 1.39a. In a similar fashion to the model scale work, the rear edges of the
trailer were rounded and this lead to a 4 − 5% increase in the fuel efficiency of the
trailer. There was a dramatic decrease in the efficiency when the blowing momentum
was increased to 0.02 ≤ Cµ ≤ 0.03, but the result was still increased fuel efficiency
than the baseline case. The fuel savings on the full-scale vehicle were not comparable
to the results predicted by the wind tunnel model in Englar [62], even though there
were deemed respectable in their own right.
(a) On-Road test truck with trailing
edge rounding and jets blowing
(b) Wind Tunnel test of SUV with
trailing edge rounding and jets
blowing
Figure 1.39: Test Vehicles used by Englar [63]
To supplement this study Englar [63] applied blowing to the rear edges of an SUV
vehicle, Figure 1.39b, resulting in a reduction of the wake size behind the vehicle
through prolonged attachment of the flow over the curved aft surfaces attached to the
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rear of the SUV. However it was not simple enough to increase the turning angle of the
new aft surfaces as this increased the suction on these edges and therefore increased
the drag. As a general trend it is seen that low blowing momentum values lead to a
drag decrease but as the blowing momentum is increased the drag also increases. All
of this work was conducted at several rear taper angles, but the most successful was for
a 45o slant on every edge of the vehicle base where even when the blowing momentum
was increased beyond other configurations, a drag reduction was still found, albeit at
a reducing rate.
Littlewood & Passmore [64] applied constant blowing to the top square edge of the
Windsor model, as opposed to applying a rear end optimisation to control the flow
separation angle, and the angle of the blowing was manipulated. The air was expelled
from nine slots along the trailing edge at four different angles: vertically upwards, 45o
upwards, horizontally downstream and 45o downwards. Only the 45o downward slots
were effective in reducing the drag and it was noticed that the jet stream was actually
at 9.5o to the model base, Figure 1.40a, due to the coanda effect of the jet’s proximity
to the base. The drag reduction was realised through base pressure increase as a more
uniform pressure field was seen over the whole base, Figure 1.40c.
(a) PIV field of the jet
exit velocity profile for
45o downwards
(b) Non-blown
squareback base
pressure distribution
(c) Base pressure
distribution for 45o
downwards jet
Figure 1.40: Steady Blowing results of Littlewood & Passmore [64]
An alternative is to pulse the jets, requiring less air to be moved by the system and
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therefore potentially saving power and also component weight. Brunn & Nitsche [65]
used pulsed blowing at the start of a 35o slant angle on the rear of an Ahmed model
in two configurations: firstly as a plane half diffuser corresponding to a backward
facing step with a ramp, and secondly applied to the top rear half of the model as in
standard Ahmed model configuration. The model was tested in a closed water channel
tunnel so the pulsing jets were created by a water pump connected to a rotating valve
which injected into a system of cavities linking to slits through which the water is
expelled. Two different forcing frequencies were investigated characterised by Strouhal
numbers based on the slant height: StH = 0.1 which corresponds to vortex shedding
frequency of the baseline case, and StH = 0.38 which corresponds to the baseline
shear layer instability. All of the work was done with a blowing momentum coefficient
of Cµ = 3× 10−3.
When considering the diffuser, it was seen that by forcing at StH = 0.1 the fluctuation
intensity of the wake structure increased from the enlarged vortex structures resulting
in a greater transfer of momentum from the recirculation region to the freestream flow.
With the jets applied to the top taper; when the forcing frequency is equal to the
vortex-shedding instability (StH = 0.1) the recirculation bubble is dramatically affected
as the upper shear layer is deflected down towards the base of the model. However
as the forcing frequency increases the effect is minimised to the point that when the
forcing frequency reaches the baseline shear layer instabilities (StH = 0.38) the relative
reduction to the wake structure is minimal. Only at StH = 0.1 is there a large amount
of increased velocity fluctuations in the slant region and momentum transfer in the
vertical base region.
A more recent study is work by Joseph et al. [66] done on the Ahmed model to in-
vestigate the optimal location and shape of jet orifices. The best case to test for a
drag reduction study is the 25o angle where there is a high drag force and a highly
three-dimensional wake. The pulsed jets are obtained through the use of eight elec-
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tromagnetic binary valves which energise a plenum of air. This air is in turn expelled
through a perforated plate in to the wake region. From this, four different types of slots
have been tested: rectangular in a span-wise orientation on the roof end, a winglet
configuration on the roof end, rectangular in a span-wise orientation on the start of
the rear slant and a winglet configuration on the start of the rear slant, Figure 1.41.
Figure 1.41: Perforated plated geometry and blowing locations, Joseph et al. [66]
By placing the discontinuous slots or the winglets in the roof end location it creates the
same effects as vortex generators; thereby using the jets to create an intermittent vortex
street that will energise the boundary layer over the rear slant, delay separation and
modify the wake structure. The continuous slot gave a homogenous injection along the
span-wise length whilst not injecting any streamwise vorticity. The discontinuous slot
showed the differences when the momentum quantity is reduced and there is span-wise
modulation to the injected flow.
All the configurations are tested over a range of frequencies and blowing momentum
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coefficients. The discontinuous slots on the roof end show a drag reduction at almost
all values of Strouhal number (based on slant height h) but with two particularly
optimal points (Sth = 0.62 and Sth = 1.03); whereas it is seen that the continuous
slot at the start of the rear slant only causes a drag reduction at a specific frequency
range (0.3 < Sth < 0.6). However it is seen that although a drag reduction of 8% is
seen for both configurations the result is achieved with a far lower blowing momentum
coefficient with the continuous slot. Therefore, the continuous slot is optimal as less
energy is required to run the system and when all factors are considered the drag
reduction is more likely to have a significant effect on the overall vehicle system. With
multiple slot configurations reducing drag there is the ability to choose the best solution
for vehicle integration.
By comparing the behaviour of the discontinuous slot to that of the winglets it is seen
that by changing the geometry of the exhaust rather than the exhaust area, the control
behaviour is changed. The second optimal point found at Sth = 0.62 is suppressed.
Through wall pressure measurements it is seen that all of the flow control methods focus
on pressure recovery over the rear slant region. The discontinuous slot shows most
influence on the top and middle of the slant indicating that the recirculation bubble
has been affected whereas the continuous slot only affects the middle of the slant and
the vertical rear end suggesting a modification to the torus structure. However the
winglet jets produce the largest modification to the wall pressures, affecting both the
slant and the vertical base structure. It is hypothesised that this is due to the jet flow
affecting the shear layer at the top of the slant causing a stronger interaction between
the torus and the shear layer.
The final method of active flow control is to apply constant suction which is not as
well reported in literature, particularly experimentally. In work done by Roumeas et
al. [67] a suction system has been computationally modelled at the start of the rear
slant on a simplified vehicle model to modify the near wake structure and prevent
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both the development and dissipation of the separated vortices. Suction has previously
been known to control the boundary layer where up to 30% drag reduction has been
achieved by shifting the point of flow separation downstream [67].
This particular work by Roumeas et al. [67] focuses on a numerical simulation where
suction is applied to a three-dimensional body so that the longitudinal vortices are
modelled and the effects on them can be observed. The suction velocity is located
perpendicular to the rear window and is equal to 60% of the external flow velocity.
When focussing on the separated region over the rear window it is seen that the suction
reduces the static pressure; while a region of suction is created at the top of the slant
this is cancelled out by the increase in the pressure over the rest of the window. Now
the longitudinal vortices are considered and it is found that the suction effectively
spreads the vortices in the span-wise direction. This is because there is an increase in
the amount of vorticity held within these structures, narrowing the core of the vortex
and encouraging their dissipation. It had been predicted that suction would result in
an increase in the drag created by the longitudinal vortices but the increase in the
wall pressure under the vortices actually resulted in a reduction of the pressure drag
through a reduction in the viscous radius of the vortex.
All of this interaction on the rear slant goes through to the near wake flow of the
vertical base region and forms two counter-rotating vortices as seen in a baseline
case; however the suction does result in a shift in the position of the vortex centres
downstream resulting in a better balance between the two vortex structures. There is
also a reduction in the size of the wake structure with a lower velocity recorded in the
near wake region.
All previous work had been conducted with a suction velocity of 0.6V∞ as this had been
demonstrated to be efficient. By performing a sweep of suction velocities it is easy to
see that 0.6V∞ is the most efficient point on the generated curve with a 17.2% drag
reduction. For all blowing ratios less than 0.6V∞ it is seen that there is a dramatic
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drag reduction and therefore modification of the flow topology over the rear surface
characterised by the reattachment of the separated flow from the rear window. At any
blowing ratio higher than this it is seen that there is less improvement to the drag
value, but it must be remembered that overall there is an improvement on the baseline
case. As at 0.6V∞ the flow is completely reattached over the rear slant any further
suction will only cause a pressure loss around the slot at the top of the rear window,
reducing the wall pressure and therefore increasing the pressure drag again.
1.7 Objectives
The overall objective of this work is to understand how base pressure is modified on
simple vehicle geometries using shape optimisation. To achieve this three experiments
were devised to progressively build the understanding of how the final separation is
affecting the base pressure.
• A simple One-box model will be used to show how fundamental changes to the
model boundary layer can affect the base pressure. The boundary layer is modi-
fied by four front radii that have been selected from the work of Newnham [39]
such that the flow remains fully attached on the radius at the test speed. These
radii are applied to all front edges and then five ground clearances are tested
so that the influence of ground effect can be investigated. Probe measurements
are made to establish that the front radii are creating significant changes to the
model boundary layer at final separation. During the experimental work sev-
eral measurement techniques will be used: force measurements, surface pressure
measurements over the full base and PIV fields in the wake.
• In the second experiment a more vehicle-like geometry is employed so that a
more realistic wake structure is formed behind the model. A Windsor model will
be used and then the lower separation modified through the use of underbody
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roughness. Two thicknesses of roughness strip will be used at three different
ground clearances so that the impact of ground effect can be investigated. Bal-
ance measurements will be made and probe measurements between the model
and tunnel floor to establish the influence of the tunnel boundary layer. Once the
suitable configurations have been established surface pressure measurements and
PIV fields in the wake will be used to analyse the changes to the wake topology
and base pressure.
• The final experimental work conducted in this thesis uses rear end geometry
modifications to alter both the upper and lower separations on a Windsor model.
Short aspect ratio tapers will be applied to the top and bottom trailing edges
asynchronously at five angles while the ground clearance is fixed and the under-
body is smooth. Again balance and pressure measurements will be taken before
PIV is used to establish the changes to the wake topology.
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Experimental Methodology
To fulfil the objectives of this work, several different experimental techniques were
implemented so that a full understanding of the separated wake region could be devel-
oped. Numerical simulation was avoided as this can show significant errors in regions
of unsteady flow, such as that seen in the wake region and shear layers, and due to
the long time scale seen in bi-stability studies which would be unfeasible in a numerical
simulation. All experiments were conducted at the largest model scale possible within
the Loughborough University Large Wind Tunnel, whilst maintaining a blockage of less
than 5%. Where possible non-invasive measurement techniques were used so that the
data collected was minimally affected.
2.1 The Facilities
2.1.1 Loughborough University Large Wind Tunnel
Experimental data were collected in the low speed Loughborough University Large
Wind Tunnel which allows for a 1/4 scale automotive model at ≈ 5% blockage; this was
designed within the Aeronautical and Automotive Engineering Department specifically
59
Chapter 2. Experimental Methodology 2.1. The Facilities
to fit within an 18× 10× 7.5m area. The design constraints resulted in an innovative
open circuit tunnel in a horseshoe layout, with a closed working section. The 9 blade,
140kW fan is located downstream of the working section and facilitates a maximum
working tunnel speed of 45m/s at the start of the working section, which measures
1.92 × 1.32 × 3.6m (W × H × L). Further information on the design of the wind
tunnel is available in Johl et al. [68]. Optical access is possible through the side of the
working section and the tunnel roof allowing for PIV measurements to be taken.
Figure 2.1: Schematic of the Loughborough University Quarter Scale Wind Tunnel
[68]
As the primary area of research in the tunnel is automotive, the ability to have a moving
ground plane was designed into the wind tunnel solution, however this has not been
installed as there has not been an opportunity to do so and the tunnel is primarily
used for the understanding of fundamental aerodynamic problems rather than for the
optimisation of any particular vehicle design. The balance is located under the working
section of the tunnel and is connected to the wind tunnel model through 4 extendable
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legs allowing for ground clearance to be varied. Within the floor of the working section
there is a 1.4m Ø disc specifically designed to match each wind tunnel model. This
disc allows the supports for the model to come up through the floor of the tunnel at
a desired location without creating a large flow interference. When the model and
balance are yawed, the disc rotates with the model and the earth structure of the
balance.
Initial runs of the wind tunnel found that at the centre point of the working section
the boundary layer has a δ99 value of 60mm with a δ∗ value of 9.4mm when running
at a velocity of 40m/s [68]. The flow also has a turbulence intensity of 0.2%.
All tunnel speed recordings were made using a pitot-static tube mounted at the start
of the working section 100mm from the roof of the tunnel. The total and static
pressures were recorded by a Furness Controls model 332 digital manometer which
has a ±250mmH2O measurement range corresponding to ±10V - this means that
1mmH2O gives a 0.04V reading. All of this is monitored by a PC that controls the
system in closed loop with an error margin of ±0.1m/s.
The air temperature is monitored by a thermocouple located on the reference pitot tube
and is connected directly to the balance software on the control PC for the calculation
of air density and tunnel speed. Due to the tunnel drawing in air from the atmosphere,
the temperature can change by several degrees between the still air resting in the tunnel
and the air it is replaced with when the tunnel starts to run, therefore it was important
to let the tunnel run until the working section temperature is stable; typically this takes
less than 30s. The atmospheric pressure is recorded by a Druck DPI 142 barometer in
the control room and the pressure is manually entered into the tunnel control software
at the start of testing and at intervals as required.
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2.1.2 The Balance
A 6 component virtual centre balance - drag force, lift force, side force, pitching mo-
ment, yaw moment and roll moment - is located under the working section. Supporting
struts are placed onto the balance and when located correctly can be locked in place
using switchable permanent magnets. Within these struts, threaded bar can be wound
up through the floor to support the model in the form of ”legs” and to give the required
ground clearance.
Figure 2.2: 6 component balance used in the Loughborough University Quarter
Scale Wind Tunnel
The balance is capable of logging data at up to 250Hz to collect temporal data sets,
although the collection rate can be controlled through the balance software. For the
work reported in this thesis the data was logged at 100Hz for a 25s sample time.
When the yaw angle is changed a 5s settling time was allowed before starting the next
measurement.
The weight of the model can be tared once the model has been installed onto the
balance, allowing models of varying weights to be tested without compromising the
available range for lift; Table 2.1 shows the ranges of each force component along with
the accuracy that can be attained. The system is monitored and operated via a PC.
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The balance operates on an SAE co-ordinate system shown in Figure 2.3.
Component Design Load Range Accuracy (%FSD) Accuracy
Drag ±120N 0.05 0.12N
Side Force ±520N 0.05 0.52N
Lift ±500N 0.05 0.50N
Roll Moment ±120Nm 0.05 0.12Nm
Pitch Moment ±60Nm 0.05 0.06Nm
Yaw Moment ±45Nm 0.05 0.045Nm
Table 2.1: 6-component Balance Load Ranges and Accuracy at Full Scale
Deflection (FSD) [68]
Figure 2.3: SAE co-ordinate system
Before testing, the balance must be digitally tared to zero with the wind off to re-
move any loads due to the static location of the balance. Although the offsets are
typically very small this is normally done across the whole yaw sweep range. During
data processing these values are then removed from the wind on results to find the
true aerodynamic results. To post-process the results, the air density for the specific
measurement point must be calculated, Equation 2.1.
ρ =
P
RT
(2.1)
Due to the blockage created by the model in the tunnel, the velocity values are cor-
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rected using the MIRA blockage correction, shown in Equation 2.2 [69], where Vcorr is
the corrected velocity, V∞ is the recorded freestream velocity, AT is the tunnel cross
sectional area, and A is the model frontal area.
Vcorr =
V∞AT
AT − A (2.2)
These values are then used to calculate the force and moment coefficients, shown in
Equations 2.3 and 2.4. The reference area, A, for all coefficient calculations is the
model frontal area and the reference length, lW in the moment coefficients is the
distance between the supporting pins.
CD =
Fdrag
1/2ρV 2corrA
CL =
Flift
1/2ρV 2corrA
CS =
Fsideforce
1/2ρV 2corrA
(2.3)
Cpm =
Mpitch
1/2ρV 2corrAlW
Cqm =
Myaw
1/2ρV 2corrAlW
Crm =
Mroll
1/2ρV 2corrAlW
(2.4)
2.1.3 Pressure Measurements
The pressure measurements have been made using two Esterline-64HD Miniature Elec-
tronic Pressure Scanners accurate to ±0.15mmH2O with a range of ±232mmH2O.
Each scanner is comprised of 64 miniature pressure transducers that can be placed
inside the wind tunnel model and a CanDaq unit that can be placed outside of the
tunnel, Figure 2.4. The system is referenced to the upstream static pressure from
the Pitot-Static tube located 100mm from the roof of the wind tunnel at the start
of the working section; the total pressure is recorded from the same Pitot-Static tube
and is connected to channel 64 on each scanner leaving 63 channels available for data
collection per scanner. Each port of the scanner is referenced to the static pressure
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giving (p− p∞), as the output (LocalPressure− FreestreamStaticPressure).
When sampling data the scanner collects data from each of its ports sequentially via
a single multiplex analogue to digital converter, so a trigger is required to ensure
that both scanners start each data collection sequence simultaneously from channel 1,
and that there was never an error caused by a new data set being called before the
previous one was finished and logged. The trigger provides a square signal at 260Hz.
Throughout the tests presented here data was collected in batches of 8192 samples,
and for each data collection run 5 sequential batches of data were collected to create
a single complete set of 40, 960 samples (157s of data) per model configuration. The
data was collected in the maximum batch size such that there was no delay in the
proceeding batch of data collection when previous data is transferred to the PC.
(a) CanDAQ (b) Pressure Transducers
Figure 2.4: Esterline-64HD Miniature Electronic Pressure Scanner
The length of the tubing between the model tapping and the pressure transducer unit
was standardised at 550mm so that all tubing distortions would be the same and
could therefore be removed before the data was processed. Distortion can come from
both signal attenuation and resonance within the tube, effecting the magnitudes and
phases of the instantaneous results. This can be quantified and removed using an
experimentally derived correction function similar to that used by Sims-Williams &
Dominy [32]. For the work conducted here, the correction has been derived using the
same overall configuration used during testing so that it accounts for all parts of the
system, including the quick disconnect tail that is used between the tubing and the
pressure scanner.
65
Chapter 2. Experimental Methodology 2.1. The Facilities
Once the tubing correction has been applied, the pressure coefficient is calculated using
Equation 2.5 and are blockage corrected using the MIRA blockage correction based on
continuity, Equation 2.6, where E is the tunnel blockage ratio.
CPmeas =
p− p∞
1/2ρV 2∞
(2.5)
CPcorr = 1−
1− CPmeas
1− E−2 (2.6)
To understand the contribution to total drag force from the model base, the area
weighted pressure coefficient is calculated using Equation 2.7 where CPcorr is the block-
age corrected time averaged pressure coefficient and ∆a is the area over which the
pressure is said to be acting. For the vertical base of the model, the bounds of the
area are defined as the mid-point between surrounding pressures tappings or, if on a
model edge, then the distance to the edge of the model. When considering the area
weighted base pressure on a slanted surface, the projected area onto the vertical plane
is used with the area bounds then defined in the same manner. Consequently if all of
the base is tapped, then the area weighted base pressure is synonymous with the base
drag contribution to total drag.
CP =
∫
A
CPdA =
∑
CPcorr∆a∑
∆a
(2.7)
2.1.4 Single point velocity measurements
For measurements of the boundary layer on the model body and in the shear layer, a
single wire hot wire probe was used as a constant temperature anemometer (CTA) -
the single wire probe was a Dantec Dynamics 55P04 boundary layer probe, Figure 2.5.
Within the wake region, the high temporal resolution of the hot wire system allows for
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any characteristic shedding frequency to be captured.
Figure 2.5: Single Wire CTA Hot Wire Probe
The system consists of a Dantec Streamline frame with internal hardware signal con-
ditioners and an internal A/D converter in the logging computer, Figure 2.6 1. The
system is calibrated using a Dantec automatic velocity calibrator up to a velocity of
60m/s; the calibrator has an uncertainty of 0.02%. During calibration the resistances
of all components between the bridge and the hot-wire itself are accounted for includ-
ing all cabling and the probe holder. An accurate calibration will lead to a curve with
a good approximation to King’s Law giving the coefficients A, B and n (Equation 2.8)
where U is the flow velocity and Ea is the recorded voltage. Although the system can
be operated at much higher frequencies, the data here was sampled at 5kHz.
U =
(
E2a
B
− A
)1/n
(2.8)
Figure 2.6: Hot-wire system set-up at Loughborough University
http: // www. dantecdynamics. com/ docs/ products-and-services/
fluid-mechanics/ cta/ Hot-wire_ catalog_ 238. pdf
1http://www.dantecdynamics.com/how-to-measure-turbulence-practical-guide
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Temperature fluctuations close to the measurement volume are recorded using an
ambient temperature probe, and this allows a temperature correction to be applied to
all recorded voltages before the final velocities are calculated (Equation 2.9); TW is the
temperature of the hot wire, Tref is the ambient temperature during calibration, and
Ta is the temperature at acquisition. Here TW (temperature of the wire) is calculated
using Equation 2.10, where α0 is the sensor temperature coefficient and a is the
overheat ratio (≈ 0.8).
Ecorr = Ea
(
TW − Tref
TW − Ta
)0.5
(2.9)
TW =
α0
a
+ Tref (2.10)
While the hot wire is ideal for measuring the boundary layer and allows measurements
close to the model surface, additional velocity measurements were made using a multi-
hole probe. These are more robust than the hot wire so are ideal for working in restricted
spaces such as underneath a model geometry and have the additional advantage of
providing data in multiple axes. Multi-hole probes range from simple 4- or 5-hole
pressure probes connected to an external pressure transducer through to multi-hole
probes with inbuilt pressure transducers such as the Cobra Probe manufactured by
Turbulent Flow Industries.
The Cobra probe is a four-hole probe which is capable of measuring flows in a ±45o
onset angle range, with three component velocities along with the pitch and yaw angles
and static pressure. It also has a relatively high frequency response (up to 1.5kHz) and
ability to create both instantaneous and mean flow measurements. Post-processing is
carried out within the software to provide mean values over the sample time along with
turbulence intensity and the six components of Reynolds stresses. The accuracy of the
result is dependent on turbulence levels, but can be quoted at within ±0.5m/s for all
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velocities and ±1o for pitch and yaw angles for up to ≈ 30% turbulence intensity; this
makes it ideally suited for unsteady flows such as vehicle wakes. However it is unable
to record any flows that are outside its ±45o operating cone (e.g. reversed flow) and
is unreliable at velocities under 5m/s. It is easy to install and use within the wind
tunnel environment, there is no need for calibration every use and it is significantly
more robust than a hot wire.
Figure 2.7: Schematic of Cobra Probe Set-up
The Cobra probe is connected to an external data acquisition unit (DAQ) and a refer-
ence pressure, Figure 2.7. The probe is factory calibrated and because the transducers
are solid state the calibration is stable over long time periods and through a wide range
of temperatures. Any phase and amplitude distortions of the pressures between each
hole and the transducer are corrected and then this corrected pressure is converted
into a non-dimensionalised ratio and applied to the calibration surfaces which provide
the total pressure, dynamic pressure, yaw angle and pitch angle. This is done for all
samples before being time averaged and written to the data file.
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2.1.5 Particle Image Velocimetry
Particle Image Velocimetry (PIV) is an increasingly popular, minimally intrusive mea-
surement technique as large areas of the flow can be captured in a single measurement
and (with the right system) at high speeds allowing for analysis of unsteady flow fea-
tures as well as time averaged. Increased computing power and camera technology has
allowed larger fields of view to be captured at higher resolutions whilst the processing
time has also been reduced. The technique can be non-invasive provided there is ap-
propriate optical access - both the laser and the camera may be located outside of the
working volume - therefore only affecting the flow with the small tracer particles that
must be introduced.
For this work a commercially available low speed PIV system from La Vision, using
two 4Mega-Pixel cameras and a 200mJ Nd:YAG Laser was used. The dual pulsed
laser passes through a series of divergent and convergent lenses to create a planar
light sheet to illuminate a thin volume (< 2mm) of tracer particles which are selected
to be neutrally buoyant within the working flow; these are introduced to the flow far
enough upstream of the model to be throughly mixed with the working flow so that a
uniform density of particles are seen within the light sheet. The laser beam emission
is synchronised with dual exposure Charged Couple Device (CCD) cameras using a
Programmable Timing Unit (PTU) which triggers the camera with a short rest time
between the exposures referred to as the inter-frame time (dt). The image pair is then
written to the control computer. The configuration of the Loughborough University
Wind Tunnel means that the laser may either provide a sheet through the glass access
panel in the working section ceiling, or through the on the side of the tunnel, with
cameras in the opposite location. The PIV system is managed using DaVis 8.2.0
software. For each data set, 1000 image pairs are recorded as it was shown by Hollis
[70] that by capturing 1000 images the result would be at ±2% of the mean value
with a 99% confidence.
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The primary seeding medium used was Di-Ethyl-Hexyl-Sebacat, a colourless and odour-
less liquid, atomised into 1µm particles. The particles are known to be spherical and
neutrally buoyant - this prevents any significant differences between the fluid and par-
ticle motion. The DEHS is atomised using a PIVpart 45 atomiser that uses 45 Laskin
nozzles which can be opened in increments of 3 until the correct seeding density is
achieved. The seeder contains an internal impactor plate for the removal of larger
particles resulting in a very consistent size of expelled particles. The seeder is run
continually during data capture as the particles are ejected from the tunnel exit and
very few recirculate.
The seeding is introduced into the wind tunnel through a rake. There are two seeding
rakes that may be used either separately or in conjunction with one another depending
on the density and location of seeding required. The primary seeder is located in the
inlet of the contraction, just downstream of the settling chamber, while the secondary
seeder is located in the floor of the wind tunnel at the start of the working section.
Closely linked to the seeding is the set up of the camera(s) so that the correct field of
view is obtained while the desired plane is in focus. For the vector field to be calculated
it is important that the shift of the seeding particles is around a 1/4 of the value of the
final processing window size (normally around 6 pixels with a window size of 24× 24
pixels). Each seeding particle should ideally occupy 2 pixels, Adrian & Westerweel [71],
so that the correlation function is applicable at the sub-pixel level and peak locking is
prevented. Clearly, there is often a compromise between the particle size on the CCD
chip and the field of view desired for the image.
Once the field of view has been established, the camera must be focussed onto the
measurement plane using the calibration plate. It is not essential for the calibration
plate to cover the whole field of view but it was located as close to the centre of the
field of view as possible. The calibration process that is integrated with the DaVis 8.2.0
software is used to generate the image transformation algorithm and scales. Images of
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the calibration plate are taken from all cameras, Figure 2.8a, and the dimensions of the
marks on the plate are input into the software. This allows a spatial calibration to be
performed as the distance between the crosses is known. The image is then de-warped
onto a regular grid where the grid is of the same pitch as the marks on the calibration
plate, Figure 2.8b. The quality of the calibration is measured as the standard deviation
of the fit between the regular grid and the de-warped image; this should be less than
0.3pixels for good image quality. Calibration can be affected by camera alignment
with the plane, focus quality and light distribution in the captured image.
The quality of the focussed image should be checked by using a series of test images
with seeding before the full data set is captured. The test images were a set of 50
image pairs which was sufficient to create an approximate time averaged vector field
from which the field of view and particle motion can be assessed. This number of
images is not computationally expensive to capture or process.
(a) Image of Calibration Plate (b) Dewarped Calibration Image with
Standard Deviation of fit = 0.170
Figure 2.8: PIV Calibration Images
To detect peak-locking, a PDF of processed vector fields from the test images are
analysed. The PDF of (VxVy) will show bias if peak locking is present. Calculated
shifts should be evenly spread between 0 and 1 fraction of a pixel shift. Sample images
of this are shown in Figure 2.9 and can be quantified using Equation 2.11, Overnars et
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al. [72], where Nmin and Nmax are the lowest and highest number of counts seen in
the histogram. If C = 0 then there is no pixel locking present in the image while C = 1
indicates that the image is fully peak locked. However four other levels can be set:
C < 0.2 has virtually no peak locking; 0.2 < C < 0.4 contains ”mild” peak locking;
0.4 < C < 0.6 contains ”strong” peak locking; C > 0.6 shows ”severe” peak locking.
The images presented in Figure 2.9 show a mild amount of peak locking (C = 0.26)
in (a), and virtually no peak locking in (b) (C = 0.07).
C = 1−
(
Nmin
Nmax
)
(2.11)
(a) Mildly Peak Locked (b) Not Peak Locked
Figure 2.9: PDFs of VxVy to demonstrate peak locking
(a) Mildly Peak Locked (b) Not Peak Locked
Figure 2.10: Scatter plots of Vx vs Vy to demonstrate peak locking
The scatter plot of VxvsVy shows banding to integer values when a vector field is
peak locked, Figure 2.10a, while a correctly resolved field will show a true scatter
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distribution, Figure 2.10b.
The final part of the set up is to find the most suitable inter-frame time (dt). This
can be done through an automated dt sweep within the DaVis software package. The
average pixel shifts are then interrogated to find the inter-frame time with gives a pixel
shift closest to 1⁄4 of the final processing window size. The peak locking must also
be checked during this process, as the pixel shift must be sufficient in both the slow
moving wake structure and any freestream flow that is captured in the field of view.
As the work in this thesis is focussed on the slow moving wake the inter-frame time
was optimised for this region; this did not lead to high errors in the freestream flow as
it is significantly easier to resolve.
Due to reflections caused by the laser on the model surface and tunnel walls it is im-
portant to remove this from the raw images before vector field processing commences.
To reduce this background light, a sliding background minimum is subtracted from all
of the images in the set. A mask is then applied to the image in any region where
there should be no data, such as in the regions of the image that contain the model
structure and the tunnel floor. This is applied geometrically to each camera frame
within the DaVis 8.2.0 software package.
Finally the vector fields are calculated using a direct correlation technique using the
GPU in the PC. This process is repeated multiple times while the interrogation cells
are decreased in size and each subsequent pass uses the displacement result from the
previous one to refine the window offset. This is done to maximise the number of
particles seen in the interrogation cells on both frames and increases the accuracy, as
correlation will improve reducing any bias from incorrect particle associations. At the
same time as the interrogation cell size is decreasing, the cells are overlapped so that
there is a greater cell density in the image and therefore a better data yield.
For each image set, the processing parameters are tested and chosen. When processing
using the GPU, maximum pixel shifts for each of the multiple passes are set, defining
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the area in which the correlation peak should be detected; the algorithms used for
this cross-correlation only detects the maximum correlation peak so all vectors in the
resulting field are “first choice”.
The amount of post-processing applied to an image set should be kept to a minimum,
as the real data can be manipulated and new data is being interpolated, which can bias
the original vector field. A median filter considers each vector that has been calculated
and then compares its value to that of the mean and standard deviation (σ) of the
neighbouring vectors. The software then checks if the vector is within an acceptable
upper limit of a multiple of the σ value (e.g. Remove the vector if it is > 2× the σ of
its neighbours). If it falls outside of these conditions it is then removed from the field.
The option is available to fill up any empty spaces through interpolation, however this
is not used as very few vectors are rejected and in this way only the true data remains
in the vector field. In general, the minimum acceptable number of vectors in the whole
image was set at 95%, although a minimum of 97% is actually seen. The final stage
of processing is to compile an ensemble average of the 1000 images and to calculate
the RMS of this velocity field.
2.1.5.1 Proper Orthogonal Decomposition (POD)
POD is a powerful data analysis technique that has become more popular as com-
putational power has increased allowing large data sets, such as those in PIV, to be
analysed. It was introduced by Lumley [73] for use in turbulence research as a method
of decomposing non-linear phenomena such that statistically dominant fluctuating flow
features can be identified and so it is particularly applicable to automotive wake struc-
tures, Equation 2.12.
POD does not require the contributing functions to be trigonometric, but instead
chooses the functions that best represent the process under consideration by taking
an input function (in this case a PIV vector field) and decomposing it into a set
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of orthogonal basis functions (φ(x)) and a set of uncorrelated temporal coefficients
(an(t)), Equation 2.13, where N is the total number of velocity fields and hence the
number of decomposed modes.
u(x, t) = Uo(x) + u
′(x, t) (2.12)
u′(x, t) ∼=
N∑
n=1
φ(x)an(t) (2.13)
The basis functions (φ(x)) are then the eigenfunctions of the two point correlation
function shown in Equation 2.14, where Ω denotes the spatial domain. These eigen-
functions are the optimised solutions to a Fredholm integral equation, Equation 2.15,
where the eigenvalue λ is then associated with each mode and represents the turbulent
kinetic energy contained within that mode. If the modes are now arranged in ranking
of turbulent kinetic energy then the most dominant fluctuating flow structures are
contained within the lowest order POD modes.
R(x, x′) =
1
T
∫
Ω
u(x, t) · u(x′, t)dt (2.14)
∫ ∫
Ω
R(x, x′) · φ(x′)dx′ = λφ(x) (2.15)
Using this information, the velocity field can then be approximated using any number
of modes, N ′, depending on the level of turbulent kinetic energy desired within the
field using Equation 2.16.
u(x, t) ' Uo(x) +
N ′∑
n=1
φ(x)an(t) (2.16)
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However, as PIV results produce a discrete data set, the “snapshot POD” method
(developed by Sirovich [74]) can be used as it is more computationally efficient. In
this method, a correlation matrix is calculated, Equation 2.17, instead of the two point
correlation function shown in Equation 2.14. N is the number of velocity fields that are
contained in the data set. To compute the basis functions and temporal coefficients,
additional coefficients αki, Equation 2.18, are defined with v
k
i as the ith component
of the eigenvector vk corresponding to the eigenvalue λk of the correlation matrix C.
Cij =
1
N
∫
u(x, ti) · u(x, tj)dx (2.17)
αki =
vki√√√√N N∑
m=1
N∑
r=1
vkmv
k
rCmr
(2.18)
This then generates the basis function in Equation 2.19 and the temporal coefficient
in Equation 2.20 which have orthogonal properties. Again the velocity field can now
be approximated using Equation 2.16 using any number of modes such that N ′ ≤ N .
φk(x) =
N∑
i=1
αkiu(x, ti) (2.19)
ak(tj) =
∫
u(x, tj) · φk(x)dx = N
N∑
i=1
αkiCij (2.20)
2.2 Wind Tunnel Models
Results for several different models have been encountered in Chapter 1 including two
popular reference models: the Ahmed model and the Windsor model. There are many
different simplified standardised geometries available beyond these though and it is
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important to select a geometry which will provide a suitable flow field for the research
being conducted. The models used here have been specifically chosen to provide
interactions between the fore-body and the base as well as producing a realistic vehicle
wake structure.
2.2.1 Model Options
The standardised Ahmed model is primarily used for the study of drag reduction when a
backlight angle is introduced so the fore-body drag must be dissociated from the base,
Ahmed, Ramm & Faltin [24]. The model has a flat front face blended to the model
sides using a large 50mm radius so as to prevent seperation and the length of the body
also isolates the fore-body flow from that at the rear. Although the standard Ahmed
model has the dimensions shown in Figure 2.11a, many adaptations of the model have
been used, where the model length is reduced or the front radii are modified to change
the fore-body characteristics such as Cooper [75].
(a) Ahmed Model (b) Windsor Model
Figure 2.11: General dimensions of reference models, Le Good & Garry [11]
The MIRA reference car was developed in the early 1980s to be based on a ”family-
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sized” car of the time, with interchangeable back ends which allowed it to be either a
squareback, hatchback, notchback or pick-up geometry. The model was to be used to
correlate results from different wind tunnels in Europe and North America, as well as
results between different model scales and full scale - model scales were 20%, 25%, 33%
and 100% while later 30% and 40% were constructed. There are also multiple floor
configurations - one included a diffuser while the other has a completely flat floor. Since
its initial conception, the geometry has been used in multiple investigations including
work into blockage corrections and ground-plane simulation.
Figure 2.12: Different geometries of the MIRA reference vehicle, Le Good & Garry
[11]
In the late 1980s the Windsor model, Figure 2.11b, was created by Windsor and Howell
to represent a mid-sized C-class car and again was to be used for parametric studies of
geometry modifications. Adaptations were able to be made to the backlight angles, the
diffuser angles, and the shaping of the ”greenhouse” top of the vehicle. During later
work, notchback style rear ends were introduced for further wake investigations. This
model is the same length as the Ahmed body, but the long front slant and relatively
short flat roof section means that the flow effects from the fore-body are far more
closely linked to the rear wake structure and it is more representative of a real vehicle.
Moving towards a more complex vehicle shape, the SAE reference model was defined
by the SAE ”Open-Jet Interference Committee” and is shown in Figure 2.13; it was
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originally made by Pininfarina but rotating wheels were added. It was designed to
overcome some of the short falls of the MIRA reference car (the radius of some edges
and the mating of the interchangeable back-ends with the main body geometry). The
SAE model is commonly used in its notchback configuration for fundamental flow
research and is a popular test case for CFD studies
Figure 2.13: General form of the SAE Reference Model, Le Good & Garry [11]
(a) Davis Model
(b) Docton Model
Figure 2.14: Simple Reference Bodies: Davis Model and Docton Model, Le Good &
Garry [11]
Some other simple bodies include the Davis model developed at Imperial College in
1982, Figure 2.14a, and the Docton model developed at Durham University in 1996,
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Figure 2.14b. The Davis model is frequently used in cross-wind investigations, both
steady state and transient, along with geometry changes to the backlight angle; the
Docton model has also been used to investigate transient effects.
Other than the models covered above, there are many other general reference vehicles
discussed in Le Good & Garry [11] in which the geometry is too complicated for this
research. Through the objectives that needed to be met it became apparent that two
simple geometries would make the investigation significantly easier to conduct and
generally more applicable.
2.2.2 The One-Box Model
The One-Box model created by Newnham [39] is a fundamental body adapted from
the geometry used by Cooper [75] and Ahmed [5]. It was designed for the adaptation
of front edge rounding and as such has a short body length so that the front end
effects are not isolated from the rear end flow. General dimensions of this model can
be found in Table 2.2 and in Figure 2.15.
Dimension
Length (L) 845mm
Width (W) 390mm
Height (H) 380mm
Front Cross-Sectional Area (A) 0.1478 m2
Blockage Ratio 5.953%
Front Edge Radii (r) ≤ 100mm
Table 2.2: 1-Box Model Dimensions
In the work of Newnham [39], the front face had a radius on the top and sides; a single
geometric modification will be made to the model geometry to add a radius onto the
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bottom edge. However, unlike the work by Newnham [39], the base of this model will
be populated with a full grid of pressure taps so that the base pressures can be fully
captured.
Figure 2.15: One Box model drawing with dimensions in [mm]
Four front radii were tested: 40mm(r/W = 0.103), 60mm(r/W = 0.154), 80mm(r/W =
0.205) and 100mm(r/W = 0.256). Newnham [39] showed that at a test speed of
ReL = 2.3 × 106 front radii above 40mm will have transitioned and a post-critical
drag value attained. This is important for the results to be consistent and reliable; due
to the addition of the lower radius, the transition characteristics of the model will be
investigated and compared to that of Newnham.
The current main body of the One Box model at Loughborough University is of wooden
construction and was reused for this project with additional pressure tappings added to
the base to form a full grid, Figure 2.16. The new front sections were constructed from
machinable model board as it is a cost effective and strong material that is suitable for
purpose. ProLAB 45 was used as it is a low density board and therefore the parts would
be light and easier to install on the wind tunnel balance. The parts were manufactured
on the 5 axes CNC using programmes generated from the 3D CAD designs created
in NX UNIGRAPHICS 7.5. Each of the interchangeable front pieces were 100mm
long and were located on the main body using two dowel pins and four bolts, Figure
2.17a. The model was hollow, allowing instrumentation (such as pressure scanners)
to be placed inside the model body with a slot in the floor of the model and wind
tunnel working section to allow data and power cables to pass down into the balance
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room underneath the working section; access to the inside of the model was through
a removable roof panel, Figure 2.17b.
(a) Front View (b) Rear View
Figure 2.16: CAD views of the One Box model with a Radius=60mm
(r/W = 0.154) Front End attachment
(a) One Box model and the front end
attachments
(b) Internals of the One Box Model
Figure 2.17: Views of the One Box model
The model is mounted in the tunnel on four M8 threaded pins and is secured in place
using nuts and washers above and below the model floor effectively securing it to the
balance; this also allows for a full range of ride heights to be selected. The base of
the model has 121 pressure tappings arranged in a regular grid, Figure 2.15, and so
two pressure scanners were used together, as discussed in Section 2.1.3. The tappings
are 1.6mm holes through the model part, in which 25mm long brass tubes (0.8mm
inner diameter) are located flush to the model surface and glued in place. These are
attached to the pressure scanner via flexible plastic tubing with an inner diameter of
1.4mm.
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2.2.3 The Windsor Model
The second model selected was a simple vehicle geometry that would provide a more
complex wake structure, and allow for underbody and rear end modification. The
Windsor model has an asymmetric wake structure in the vertical plane due to the
asymmetry in the upper and lower body shaping. At Loughborough University, Little-
wood [76] has previously used the Windsor body to conduct work into base pressure
recovery, however after many years of use and many modifications this body was no
longer usable. A new Windsor model was therefore created with the design objective
of being fully versatile for rear body and underbody shape modification.
(a) CAD image of the Windsor Model (b) Exploded view of the Windsor Model
(c) Dimensions of the Windsor Model
(d) Finished Model with available
underbody modifications
(e) Finished Model with some of the
available rear end modifications
Figure 2.18: Images of the Windsor Model
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It was known that the current work and future work would want maximum flexibility
with rear optimisation, therefore the final 150mm of the rear end structure was split
from the rest of the model, providing a back-box that could be replaced with any
shape optimisation; this rear section is shown in green in Figure 2.18b. However this
is only effective for shorter slant lengths such as those seen in work by Littlewood &
Passmore[9], and hence it was decided to add an extra region on the upper section of
the body that could be removed to apply the slant lengths derived by Ahmed [24] to
the top of the base, shown in blue in Figure 2.18b.
Multiple grades of model board were used as some of the less dense grades will deform
under their own weight when subjected to thermal flux; ProLAB 75 (specific density
of 0.75) was used for the lower section of the model front, as this would be weight
bearing when instrumentation was inside the model, and also supporting the model
weight when on the balance pins; ProLAB 45 (specific density of 0.45) is significantly
lighter so is used for the rest of the model structure that was not load bearing. The
model was manufactured on the 5-axes CNC machine.
(a) Bottom Tub (b) Upper Tub
Figure 2.19: Construction of the Windsor Model
Removable floor panels were designed for access to the inside of the model, and this also
allows for different underbody configurations to be tested. The model was populated
with 100 pressure tappings over the whole body, with a concentration of 79 taps on
the base arranged in a regular grid. The taps are glued into the model, as with the
One Box model, and are attached to the pressure scanners via a 550mm length of
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flexible plastic tubing. Only half of the base was fully populated with the grid of taps
as a higher density of taps was desired to accurately derive the pressure gradients on
the base. A single line of taps across the full width of the base was located at half
height to look for symmetry effects.
Figure 2.20: Pressure Tapping Distribution on the Base
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Variation of Fore-body Drag and the
resulting changes to wake structure
3.1 Introduction
This experimental work was designed to investigate how variations to the fore-body
geometry influences the base pressure, and hence drag, of a simple One-Box geometry.
Literature has shown that changes to the flow at the leading edge of the model can
affect the base pressure, however the changes to the base pressure are not always
consistent with the change in overall drag. van Raemdonck [43] showed that by
adding roughness tape to flat front surface of an Ahmed body the drag can be reduced
although the base drag was increased. While Newnham [39] also found that as the
front radius of a simple geometry was increased, and the boundary layer over the
model thinned, a reduction in overall drag was found but the suction on the base was
increased. However neither study was able to identify the mechanism that was driving
these base pressure changes.
Therefore a One-Box model was tested with different front end radii at multiple ground
clearances so that the effect of fore-body drag and ground clearance on base pressure
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could be investigated. It was important that the front end of the model be similar on
all leading edges and therefore modifications were made to the One-Box model used
in the work of Newnham [43] so that it matched the work of Cooper et al. [77]. The
initial approach is similar to that of Newnham [39] with Reynolds sweeps, force and
moment data and surface pressure measurements, however in this case pressure data
is obtained over the whole base area and the experiment is expanded by also taking
PIV measurements in the near wake region.
3.2 Experimental Setup
For this experimental work the One-Box model was used as a simple axi-symmetric
shape that allowed for the variation of fore-body geometry by simply changing the
front radius. In addition, having the same radius on each side allowed for the ground
effect to be understood as in free flow (away from the ground) the model would be
subject to symmetrical flow conditions. The One-Box model includes a radius on all
four leading edges and these radii were varied synchronously to four different values:
40mm (r/W = 0.103), 60mm (r/W = 0.154), 80mm (r/W = 0.205) and 100mm
(r/W = 0.256). The radius (r) is non-dimensionalised using the width of the geometry
(W ). These radii have been selected from the work of Newnham [39] so that there will
be no separation over the front end at the test speed of 40m/s (ReL = 2.3× 106).
The dimensions of the One-Box model are presented in Section 2.2.2, and an image
of the model is repeated below in Figure 3.1.
A range of ride heights is considered so that the influence of the ground clearance
can be analysed. In the analysis of this work, the ground clearance, h, has been non-
dimensionalised using the model height, H; the tested ground clearances were: 25mm
(h/H = 0.066), 50mm (h/H = 0.132), 75mm (h/H = 0.197), 100mm (h/H = 0.263)
and 125mm (h/H = 0.329).
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(a) Front View (b) Rear View
Figure 3.1: CAD views of the One Box model with a 60mm radius (r/W = 0.154)
front end attachment
To ensure that there was a measurable change in boundary layer at the trailing edge,
traverses were taken at the front and rear of the model on the centreline. These
results were recorded using a single wire constant temperature anemometer and at
each location data was recorded at 5kHz for 10s. The model was positioned at it’s
highest ride height of h/H = 0.329 (125mm) and all front radii were tested at a tunnel
speed of 40m/s (ReL = 2.3 × 106). The results are presented graphically in Figure
3.2; Table 3.1 shows the boundary layer parameters 100mm behind the leading face
of the model on the centreline of the roof, while Table 3.2 shows the same parameters
at the rear trailing edge. The parameters were calculated using Equations 3.2, 3.3 and
3.4, where u(y) is the streamwise velocity measured by the probe and corrected for
blockage using Equation 2.2, V∞ is the freestream velocity recorded by the probe away
from the model surface, δ∗ is the displacement thickness, θ is the momentum thickness
and H is the shape factor. The boundary layer thickness, δ99, is the height at which
the speed of the boundary layer reaches 99% of the freestream value, Equation 3.1.
δ99 = 0.99V∞ (3.1)
δ∗ =
∫ ∞
0
(
1− u(y)
V∞
)
dy (3.2)
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θ =
∫ ∞
0
u(y)
V∞
(
1− u(y)
V∞
)
dy (3.3)
H =
δ∗
θ
(3.4)
As expected, all boundary layers are turbulent over the length of the model roof. As
the front radius is increased, the boundary layer is thinned over the length of the
model and the shape factor gives confidence that the boundary layers have remained
attached around the front radii due to their low values. The unsteady characteristics
of the boundary layers have not been examined during this investigation.
(a) At the end of the front radius (Table
3.1)
(b) At the rear trailing edge (Table 3.2)
Figure 3.2: Boundary Layer traverses on the model centreline
Front Radius δ99 δ∗ θ H
r/W = 0.103 4.20mm 0.576mm 0.446mm 1.29
r/W = 0.154 3.00mm 0.455mm 0.339mm 1.34
r/W = 0.205 1.50mm 0.187mm 0.144mm 1.30
r/W = 0.256 1.00mm 0.0849mm 0.0689mm 1.23
Table 3.1: Boundary Layer properties at the end of the front radius of the One Box
model at a ground clearance of h/H = 0.329 for all front radii tested
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Front Radius δ99 δ∗ θ H
r/W = 0.103 21mm 2.27mm 1.91mm 1.19
r/W = 0.154 20mm 2.00mm 1.69mm 1.19
r/W = 0.205 15.5mm 1.49mm 1.26mm 1.18
r/W = 0.256 15mm 1.59mm 1.34mm 1.18
Table 3.2: Boundary Layer properties at the trailing edge of the One Box model at
a ground clearance of h/H = 0.329 for all front radii tested
Time averaged force and moment data was taken using the balance for a 30s sampling
period; for the Reynolds sweeps a single measurement was taken at each tunnel speed
and for the force coefficient data, three separate results were recorded and then these
results were averaged.
The base of the model is populated with 121 pressure tappings in a regular grid.
Pressure results were recorded at 260Hz for 157.5s and were corrected for tubing
effects using the correction described in Section 2.1.3 before being blockage corrected.
PIV measurements were taken in both horizontal and vertical planes with the laser and
cameras in the configurations shown in Figure 3.3. Two cameras were used concurrently
to enlarge the field of view such that the whole wake length could be captured without
compromising the size of the illuminated seeding particle on the CCD of the camera;
to reduce the error when the images are reconstructed, an overlap of 40mm was
maintained between the two fields of view and both cameras were calibrated with a
plate which filled the entire field of view to avoid any distortion errors near the edge of
the field; calibration errors are shown in Table 3.4. For each plane set up a dt sweep
was conducted to find the optimal inter-frame time to minimise peak locking and these
are reported in Table 3.3. No PIV data is collected for the lowest ground clearance of
h/H = 0.066 which will be discussed during the analysis of results.
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(a) Vertical Planes of PIV
(b) Horizontal Planes of PIV
Figure 3.3: PIV Set Up for One Box Model Testing
Ground
Clearance
w/W = 0 w/W = 0.26 h/H = 0.5 h/H = 0.93
h/H = 0.066 - - - -
h/H = 0.132 30µs 30µs 32µs 32µs
h/H = 0.197 30µs 30µs 32µs 32µs
h/H = 0.263 30µs 30µs 32µs 32µs
h/H = 0.329 30µs 30µs 32µs 32µs
Table 3.3: Inter-frame time used for each PIV set-up for the Fore-body Drag Study
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Ground
Clearance
w/W = 0 w/W = 0.26 h/H = 0.5 h/H = 0.93
h/H = 0.066 - - - -
h/H = 0.132 0.17400 0.15911 0.19859 0.17323
h/H = 0.197 0.17400 0.15911 0.20516 0.19989
h/H = 0.263 0.19975 0.17287 0.19871 0.19140
h/H = 0.329 0.19975 0.17287 0.20976 0.14602
Table 3.4: Error recorded during the calibration process - average deviation to
calibration marks measured in pixels - for the Fore-body Drag Study
3.3 Results and Discussion
3.3.1 Reynolds Sweeps
Initially all configurations were tested for Reynolds sensitivity. Although the front end
radii were selected from the work of Newnham [39] so that there would be no front
end separation, all configurations were tested due to the addition of the radius on the
lower leading edge. Also varying the ground clearance will change the pressure gradient
around the underbody of the model. This has previously been demonstrated by Cooper
et al. [77] who tested a One Box model at a ground clearance of h/H = 0.062 above
both a fixed floor and a moving ground plane. Cooper et al. found that there is a
small reduction in pressure over the length of the underbody when a moving ground
plane is in place, and that the drag curve was less responsive to a change in ground
clearance.
Each plot in Figure 3.4 shows the results for all front radii at a single ground clearance.
Both r/W ∈ [0.103, 0.154] (radius non-dimensionalised with model width), show pre-
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critical, transition and post-critical behaviour, and this is labelled for the r/W = 0.103
case in Figure 3.4a. For all ground clearances, for front end radii of r/W ∈ [0.205, 0.256]
the Reynolds sweeps show only transitional and post-critical behaviour, as the critical
ReL value is less than the lowest Reynolds number tested. All of these results show
behaviour that would be expected as Reynolds number is increased and show that at
the proposed test speed of ReL = 2.3× 106 a stable post-critical drag value has been
achieved for all configurations.
Both the results of Cooper [75], and Newnham [39] show good correlation with the
trends seen in this work. For example, in this work r/W = 0.154 is fully transitioned
at ReL = 1.5 × 106 for a ground clearance of h/H = 0.132, while Newnham found
this occurred at ReL = 1.6 × 106 (Re√A = 7 × 105), Figure 3.5a. These small
differences can be attributed to the changes in the ground clearance (Newnham tested
at h/H = 0.160) and the resulting changing contribution of ground effect as well as
changes to the flow topology due to the rounded lower edge employed here compared
to the sharp edge that Newnham tested with.
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(a) h/H = 0.066
(b) h/H = 0.132 (c) h/H = 0.197
(d) h/H = 0.263 (e) h/H = 0.329
Figure 3.4: Variation of Drag with increasing Length Based Reynolds Number for all
configurations tested
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By re-plotting the results such that a single radii can be considered for the range
of ground clearances, Figure 3.6, it can be seen that the post-critical results for
h/H = 0.066 are consistently higher than for all other ground clearances tested. Due
to the fixed floor nature of this wind tunnel there will always be interference between
the model and tunnel boundary layer when testing at geometrically realistic ground
clearances. Although this will affect all results presented here, the high drag values
seen for h/H = 0.066 suggests that there is significant flow blockage under the model
resulting in flow conditions similar to that of a half body in sliding contact with the
ground. This agrees with the work of Grandemange et al. [22] who found that at
ground clearances of h/H < 0.05 there was no flow under the Ahmed geometry due to
domination of the viscous effects and the wake structure resembled that of a backwards
facing step. Therefore, as this wake structure is not representative of road vehicles
this particular ground clearance will not be investigated further.
Returning to Figure 3.6, when the ground clearance is increased to h/H = 0.132 there is
sufficient clearance below the model for the flow to travel without hinderance from the
boundary layers and the lowest post-critical drag is recorded for h/H = 0.132 for all radii
tested. The drag then increases as ground clearance increases for all configurations
tested. There is no clear trend to the ground clearance and critical Reynolds number.
(a) Variation of Drag with Reynolds
number for all front radii tested
(b) Variation of post-critical drag
coefficient for all front radii tested
Figure 3.5: Results from the work of Newnham [39]
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(a) r/W = 0.103 (b) r/W = 0.154
(c) r/W = 0.205 (d) r/W = 0.256
Figure 3.6: Variation of Drag with increasing Length Based Reynolds Number for all
configurations tested
3.3.2 Balance Results
A single test speed equating to ReL = 2.3× 106 is now selected such that all configu-
rations exhibit post-critical behaviour and the force and moment data can be analysed,
Figure 3.7.
The drag results in Figure 3.7a show that, for a fixed ground clearance, as the radius
is increased from r/W = 0.103 to r/W = 0.205 the drag decreases except at a ground
clearance of h/H = 0.263 where a drag minimum is obtained for r/W = 0.156. The
configurations at the highest ground clearance of h/H = 0.329 show most sensitivity
97
Chapter 3. Variation of Fore-body Drag and the resulting changes to wake structure 3.3. Results and Discussion
to drag with a difference of ∆CD = 0.017 over the sweep of radii. This is different
to the results of Newnham [39] who found a linearly decreasing drag coefficient as
front radius is increased for a single ground clearance and all results have significantly
higher drag. This is shown in Figure 3.5b, the pertinent results are those with 0.2%
freestream turbulence. The lower drag coefficients found in the work reported here are
directly attributed to the radiused lower leading edge while the change to the trend
must be investigated further.
The minimum drag of all configurations tested was recorded for h/H = 0.132 with a
radius of r/W = 0.205. In general, with a fixed front radius, as the ground clearance
is increased there is an increase in the drag recorded. A noticeable exception is for a
front radius of r/W = 0.205 where the results for the three highest ground clearances
are all within ∆CD = 0.003 and show no clear trend.
(a) Radius vs Drag Coefficient (b) Radius vs Lift Coefficient
Figure 3.7: Force Coefficients for all configurations
The lift coefficient, Figure 3.7b, shows a similar trend for the two highest ground
clearances. At the highest ground clearance of h/H = 0.329 the lift initially decreases
by ∆CL = 0.007 before remaining constant at CL = −0.048 for all remaining radii.
For the second highest ground clearance of h/H = 0.263 the results show more of a
parabolic shape with the lowest lift occurring at r/W = 0.205; the results for the three
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largest radii are all within ∆CL = 0.007. This suggests that the pressure recovery
along the length of the model is influenced by the ground effect as this is where the
changes in lift trend must be generated between the two ground clearances.
For the lower ground clearances the lift tends to decrease as the front radius is increased
(model boundary layer thinned). The largest changes in lift are seen at a ground
clearance of h/H = 0.197 with a difference of ∆CL = −0.026 through the sweep. The
lowest ground clearance of h/H = 0.132 shows a maxima at a radius of r/W = 0.154
by ∆CL = 0.003, before the trend of reducing lift returns as the radius is increased
further.
Cooper et al. [77] show that for a One Box model with a given front radius of
r/W = 0.160, as ground clearance is decreased then the pressure recovery on the
model underbody is suppressed and an increase in the suction is seen around the front
radius as flow is better able to accelerate around the bottom radius. These effects work
to reduce the lift coefficient. This is seen in the present results with the lift reducing
as the model is brought into closer proximity with the ground.
The thinning of the boundary layer as front radius increases results in less flow blockage
under the model body. This then allows more flow to travel around the front radius
and increases suction on this lower surface and the floor of the model, reducing the
lift coefficient. This effect is more prevalent at lower ground clearances where there is
a strong ground effect.
3.3.3 Time Averaged Surface Pressure Measurements
To conduct further analysis the surface pressures were recorded over the whole base
area. These were analysed as time averaged footprints of the wake topology, the root
mean square of the fluctuations from the mean value (to provide a measure of the
wake unsteadiness) and finally as an area weighted pressure coefficient. The model
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drag will consist of contributions from the skin friction of the body, fore-body drag
and base drag. The skin friction contribution will increase as the boundary layer is
thinned, however this contribution will be very small compared to the pressure drag
contributions to the total drag. The fore-body drag has not been measured, but if
the base drag and total drag is known then it is possible to extract the fore-body and
skin-friction drag component as the difference between the two values. As the area
weighted pressure coefficient measures the losses over the base area, shown in Equation
2.7, this can be taken as the base drag component of total drag. Any overall drag
changes that are not accounted for in the base pressures can then be attributed to
changing fore-body and skin friction drag.
3.3.3.1 Effect of Ground Clearance for a given Front Radii
During this analysis the front radius of r/W = 0.103 at a ground clearance of h/H =
0.132 was selected as a nominal case in order to make comparisons, Figure 3.8a. This
configuration shows a lower pressure suction region in the upper base with pressure
recovery occurring towards to the bottom trailing edge. Therefore the higher wall
velocities will be seen in the upper base region and impingement is predicted near the
lower trailing edge. This distribution is slightly asymmetric although the model was
set up for a ”zero side force” condition in the tunnel. This is where a true zero degree
yaw angle to the onset flow is found using a fine yaw sweep looking at the force and
moment data to find zero side force. It is required to compensate for any set up
discrepancies.
However there is the presence of bi-stability to consider. Volpe et al. [23] found
that on a squareback Ahmed model, the wake underwent a twisting motion over long
time scales and this could be observed in base surface pressure measurements and
PIV fields. The result showed that if data was not collected for sufficient time then a
symmetric mean wake would not be resolved and an asymmetric mean field would be
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constructed even if the model is at zero yaw. Although surface pressure measurements
were collected for a long time (157.5s) this may be insufficient for a symmetric wake
structure to be resolved. However Volpe et al. also showed that each state (that were
labelled as ”Right” (R) and ”Left” (L)) had an equal area weighted base pressure and
these in turn equaled the original base pressure such that CDBaseL = CDBaseR = CDBase .
Hence if the surface pressures of the whole base are captured then a true area weighted
mean pressure value will be obtained even if the time averaged topology is not fully
symmetric.
(a) h/H = 0.132 (b) h/H = 0.197
(c) h/H = 0.263 (d) h/H = 0.329
Figure 3.8: Time Averaged Base Surface Pressure Measurements for r/W = 0.103
The base pressure of the nominal configuration suggests a wake structure similar to that
of van Raemdonck [43] and Krajnovic & Davidson [44] with a large upper recirculation
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creating the low pressure over the upper base, and impingement near the lower trailing
edge with a small lower recirculation located further downstream of the base allowing
for pressure recovery in the lower portion of the base.
If the front radius is fixed at the nominal value of r/W = 0.103 (40mm radius normalised
with model width), and the ground clearance is varied, some connections between the
base pressure and the model drag can be made. From the time averaged fields shown
in Figure 3.8, it is seen that as the ground clearance is increased, the region of strong
suction is weakened and the pressure recovery in the lower base region is suppressed,
resulting a more evenly distributed suction over the whole base. This suggests that the
upper lobe of the torus now has lower near wall velocities, while the lower lobe of the
torus has been moved away from the base so that the upper lobe is more dominant
over the whole base height. The location of the lowest pressure region (in blue on the
contour plot) is not moved, indicating that there is still ground effect present even at
the highest ride height and the lower shear layer is unable to affect the large upper
recirculation.
The pressure contours in Figure 3.8 suggest progressive changes to the structures in
the wake, but calculating the base drag (synonymous with the area weighted pressure
coefficient) (Figure 3.9) it is seen that this is not so easily resolved. First we consider
the red series for r/W = 0.103, corresponding to the pressure plots in Figure 3.8, with
a constant front radius of r/W = 0.103 and ground clearance changing along the x
axis; the lowest ground clearance of h/H = 0.132 is the nominal case.
As the ground clearance is increased there is first an increase of ∆CDBase = 0.001 and
then a decrease of ∆CDBase = −0.002 relative to the nominal case. This suggests
that although the low pressure region in the upper base is weakening, this is being
counteracted by the reducing pressure over the lower base resulting in a very similar
value of CDBase (contribution to the overall drag from the base). However from the
balance results, it is known that as the ground clearance is increased from the nominal
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case there is an increase in drag of ∆CD = 0.006 and ∆CD = 0.010 respectively.
Hence there is an increasing amount of drag being generated by the fore-body and
skin friction at these ground clearances while the base pressure remains near constant.
Figure 3.9: Base drag results calculated as the area weighted pressure coefficient for
increasing ground clearance at fixed radii
At the highest ground clearance of h/H = 0.329 (still at a radius of r/W = 0.103) there
is now an increase in the base drag of ∆CDBase = 0.006 compared to the nominal
case, while the total drag is also increased by ∆CD = 0.018. As the ground effect
on the model has weakened, the base pressure contribution to the drag has become
more dominant with 33% of the drag increase now coming from the base, however this
means 66% of the drag increase is still generated by the model fore-body.
r/W = 0.205 (blue data series) shows a very similar trend to r/W = 0.103 with the base
drag contributing 38%, 60% and 71% of the overall drag change of the model as the
ground clearance is increased (when compared to the result obtained at h/H = 0.132).
This would indicate that the thinner boundary layer is now less affected by the presence
of the ground and therefore there is a change in the base drag at a lower ground
clearance.
This result does not carry through for all radii though; with the largest front radius of
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r/W = 0.256 (orange data series) the base pressures are counteracting the overall drag
changes. Comparing all results to that obtained at the lowest ground clearance of this
series, as the ground clearance is increased there is a drag increase of ∆CD = 0.007
with a base drag increase of ∆CDBase = 0.001. A further increase in ground clear-
ance sees a drag increase of ∆CD = 0.005 while the base drag actually reduces by
∆CDBase = −0.006 and this continues at the highest ground clearance with a drag
increase of ∆CD = 0.012 and a base drag reduction of CDBase = −0.008.
The results of the r/W = 0.154 configuration show similarity to the original case of
r/W = 0.103 at the lower ground clearances, but at the highest ground clearance
again show an increase in total drag (when compared to the result for this radius at
the lowest ground clearance), ∆CD = 0.016, while the base drag is again decreasing
∆CDBase = −0.002.
Overall there is an indication that at the higher ground clearances the drag changes are
attributed to the base pressures, while at the lower ground clearances the drag changes
are driven by the fore-body and skin friction drag and pressure recovery around the
model, particularly at the front radius. This is not a binary mechanism though, where
a clear critical ground clearance or front radii can be observed switching the dominant
drag contribution. The lack of trend provides evidence of the strong interactions
between ground effect and model boundary layer thickness on the overall drag and the
base pressure distribution.
3.3.3.2 Effect of Front Radius for a given Ground Clearance
The surface pressure measurements can alternatively be used to analyse the change
due to the increasing radius at a fixed ground clearance and the influence that ground
effect is having on the wake topology, Figure 3.10. Here we again start from the
nominal case of r/W = 0.103 at a ground clearance of h/H = 0.132, Figure 3.10a.
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(a) r/W = 0.103 (b) r/W = 0.154
(c) r/W = 0.205 (d) r/W = 0.256
Figure 3.10: Time Averaged Base Surface Pressure Measurements for h/H = 0.132
As the front radius is increased to r/W = 0.154 there is a similar strength to the
distribution over the base, however the flow has shifted from a slightly asymmetric
topology to a symmetric one. As the radius is further increased the location of the
lowest pressure region does not shift in height or change in pressure significantly,
however the topology over the base becomes more evenly distributed resulting in less
pressure recovery near the lower trailing edge. For r/W = 0.256 there is almost no
pressure recovery seen over the lower base.
The base drag contributions, Figure 3.11 green data series, shows that as the front
radius is increased, relative to the nominal case, there are base drag increases equivalent
to ∆CDBase = [0.000, 0.003, 0.004], whilst the total drag shows reductions of ∆CD =
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[−0.004,−0.007,−0.005] indicating that the drag reduction is driven by reduction of
fore-body drag that is actually counteracted somewhat by the changes to the base
pressure.
Figure 3.11: Base drag results calculated as the area weighted pressure coefficient
for increasing front radii at a fixed ground clearance
This trend also holds when the ground clearance is increased to h/H = 0.197 with
increases in base drag of ∆CDBase = [0.002, 0.005, 0.004] relative to the smallest radius
case, and total drag changes by ∆CD = [−0.002,−0.005,−0.004]. This reiterates the
previously proposed hypothesis that at the lower ground clearances the overall drag is
highly affected by the fore-body drag and the base pressure changes actually work
against these improvements.
When the ground clearance is increased to its maximum level it is seen that most of
the drag change is generated at the base; for total drag when reductions of ∆CD =
[−0.006,−0.018,−0.011] compared to the smallest radius case are found, there is a
similar change in the base drag ∆CDBase = [−0.008, 0.002,−0.010]. Here there is an
anomaly at r/W = 0.205 however the other results correlate well with hypothesis as
base drag now contributes > 90% of the overall drag change to the model.
Newnham [39] concluded that when the separation around the front of the model
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was suppressed by increasing the front radius there is a thinner boundary layer at the
trailing edge leading to a sharper final separation and therefore less mixing in the
wake; this would increase the suction over the centreline of the base and increase
the contribution of the base drag to total drag. With the full base pressure results
presented it is concluded that this statement is correct at the higher ground clearances.
When the ground clearance is reduced, the ground effect on the lower leading radius
and boundary layer under the model is more significant than any change that can be
affected by the varying thickness of the boundary layer at separation and hence the
base drag changes are not consistent with the total drag changes.
3.3.4 Unsteady Surface Pressure Measurements
To analyse how the mixing in the wake is affected by the changing front radius, the
root mean square of the instantaneous pressure fluctuations from the mean pressure
are analysed using Equation 3.5 where C ′Pn is the fluctuation from the mean at each
sample time and n is the number of samples in the series. Figure 3.12 shows the effect
of increasing radius for a fixed ground clearance of h/H = 0.132, where Figure 3.12a is
the nominal case selected earlier as the basis for comparison.
CPRMS =
√
C ′P1
2 + C ′P2
2 + C ′P3
2 + . . .
n
(3.5)
For the nominal case the highest unsteadiness is recorded over the lower half of the
base and there is a region of higher fluctuations on the right hand side, indicating a
bias to the wake (as is seen in the time averaged field, Figure 3.10a). The majority of
the unsteadiness is in the lower portion of the base suggesting that this is where the
most interaction between the torus lobes is occurring.
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(a) r/W = 0.103 (b) r/W = 0.154
(c) r/W = 0.205 (d) r/W = 0.256
Figure 3.12: Root Mean Square of the Fluctuations from the Mean of the Base
Surface Pressure Measurements for h/H = 0.132
As the front radius is increased the lower base is subjected to higher levels of unsteadi-
ness, while the upper base is also seen to have increasing levels of unsteadiness. For
both r/W = 0.154 and r/W = 0.205 the distribution of the RMS fields is close to sym-
metric which is also matched in the time averaged fields. When the largest radius of
r/W = 0.256 is tested there are two very distinct peaks of high RMS, one on each side
of the base. This is an indication of bi-stability being present in the wake as described
by Volpe et al. [23], who found this distinct pattern to the RMS field from surface
pressures on the base of an Ahmed model.
The increasing level of fluctuations correspond with a thinning boundary layer at sep-
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aration indicating that there are increased levels of mixing present in the wake. This
is also valid when a higher fixed ground clearance of h/H = 0.329 is examined (Figure
3.13) where previous analysis has shown that ground effect has less dominance over
the changing base pressures. These results show a higher level of unsteadiness as
the ground effect is now weaker, indicating that this increasing unsteadiness is what
is driving the changes in the base pressures by reducing the near wall velocities and
decreasing the base pressure.
(a) r/W = 0.103 (b) r/W = 0.154
(c) r/W = 0.205 (d) r/W = 0.256
Figure 3.13: Root Mean Square of the Fluctuations from the Mean of the Base
Surface Pressure Measurements for h/H = 0.329
To verify this, the ground clearance is varied for a fixed radius and the RMS of the
base pressure coefficients examined, Figure 3.14. For all ground clearances there was a
similar trend in the RMS fields to that presented here but the level of the fluctuations
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increased with front radius.
As the ground clearance is increased there is a clear strengthening of the region of
maximum RMS but also this area moves upwards over the base. The strongest RMS
values are seen for h/H = 0.263, before the RMS levels are reduced for the highest
ground clearance of r/W = 0.329. As the peak RMS location in raised, there are
increased levels of fluctuations over the upper and lower base indicating a higher overall
level of unsteadiness as the ground effect is weakened. The movement of the peak
RMS locations presents the possibility that the interaction between the upper and lower
lobes of the torus is far more affected by changing the ground clearance than the time
averaged pressure fields would indicate.
(a) h/H = 0.132 (b) h/H = 0.197
(c) h/H = 0.263 (d) h/H = 0.329
Figure 3.14: Root Mean Square of the Fluctuations from the Mean of the Base
Surface Pressure Measurements for r/W = 0.205
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Therefore the unsteadiness of the wake structure is driven by both the ground effect
changing relative strengths of the shear layers at final separation as well as the boundary
layer development over the model driven by the fore-body geometry.
To examine the bi-stable response of the wake, the time history of the CP value at the
point of maximum RMS was plotted for r/W = 0.103 and r/W = 0.205 at h/H = 0.132
in Figure 3.15. For r/W = 0.103 there is no sustained period in a single condition
that drives the asymmetry in the time averaged flow field; instead there are frequent
fluctuations between a high and low pressure condition (relative to the mean value at
this location). This is congruent with the low values of RMS and the lack of clear
RMS peaks on the model base, and confirms the lack of bi-stability.
However when the r/W = 0.205 case is examined there are now several sustained
periods in the higher pressure condition and one clear period in the lower pressure
condition at 136s < T < 148s. By conditionally averaging the pressure fields into the
“high” and “low” pressure cases the two states can be examined, Figure 3.16.
When the front radius is set to r/W = 0.205 there are two asymmetric conditions found,
which create a symmetric time averaged condition, although from the time history the
“left” condition is more dominant. The wake motion can be described as a twist as it
is affecting the distribution over the whole base including the pressure recovery seen
at the lower base edge. The time in each state is considerably shorter than that found
by Volpe et al. [23], however this can be attributed the the different aspect ratio of
this model as seen by Grandemange et al. [22] when testing parallelpiped bodies with
varying aspect ratios.
Although the time averaged base pressures indicate that there are no large scale changes
to the wake topology, the triggering of bi-stability suggests that the thinning of the
model boundary layers and resulting shear layers is altering the unsteady characteristics
of the wake structure.
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(a) r/W = 0.103 (b) r/W = 0.205
Figure 3.15: Time History of Pressure Coefficient at the point of maximum RMS at
a ground clearance of h/H = 0.132
(a) r/W = 0.205, ”Left” Condition (b) r/W = 0.205, ”Right” Condition
Figure 3.16: Conditional Averaging to show the Bi-stability of the Base Pressure
Distribution at a ground clearance of h/H = 0.132
3.3.5 Particle Image Velocimetry Fields
To conclude this study, PIV fields were obtained in the wake of the One-Box model.
These were set up such that the whole wake recirculation would be captured and
any changes in the time averaged flow field would be measurable. The PIV system
112
Chapter 3. Variation of Fore-body Drag and the resulting changes to wake structure 3.3. Results and Discussion
is low speed and so it is not possible to analyse any changes to the unsteady wake
characteristics other than bi-stability due to its long time in each state (in the order
of seconds to tens of seconds), however the main objective was to characterise the
changes that are caused by the altered boundary layer conditions over the model in
the time-averaged fields.
(a) w/W = 0 (b) h/H = 0.5
(c) w/W = 0.26 (d) h/H = 0.93
Figure 3.17: Time Averaged PIV Velocity Fields for a radius of r/W = 0.205 and a
ground clearance of h/H = 0.132
The wake structure of a single geometry (r/W = 0.205, h/H = 0.132) is now considered
over four planes of PIV, Figure 3.17. In the vertical centreline (w/W = 0 where w
is the lateral location of the plane and this is non-dimensionalised using the width
of the model W ), Figure 3.17a shows the dominance of the upper lobe of the torus
correlates to the low pressure region seen in the upper base. The contours under the
streamlines show the normalised velocity magnitude (normalised using the free-stream
tunnel speed) and it is possible to see high near wall velocities in this region, with
slower flow towards the bottom of the base where pressure recovery was identified in
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the surface pressure data. The lower shear layer does not feed into the lower separation
bubble and instead acts as a jet that bounds the lower wake region, while the flow
from the top of the model follows a “Z” pattern to feed the lower recirculation vortex.
Consequently impingement of the flow from the upper shear layer occurs very low on
the base and the lower lobe of the torus has very little effect on the base pressure. This
flow field matches well with that produced by Krajnovic & Davidson [44] over a bus
model with a squareback, and also van Raemdonck [43] using a squareback Ahmed
geometry.
In the mid-horizontal plane (h/H = 0.5 where h is the height of the plane from the model
floor), Figure 3.17b, the two lobes of the torus are nearly balanced with impingement
occurring only slightly off centre, although the free stagnation point is central. There
is a large region of higher speed flow in the centre of the wake region where the flow is
affected by the recirculation from the upper shear layer feeding the lower recirculation.
The symmetric nature of this wake indicates that bi-stability is either not present or
sufficient switches have been captured so that the mean field is symmetric.
Away from the vertical centreline by 100mm (w/W = 0.26), Figure 3.17c, there is an
increase in size of the lower lobe of the torus with flow from the under the model now
forming this structure, as well as feeding into the upper lobe. The free stagnation
point is close to mid-base height so has been raised significantly from the centreline
plane where it was near the bottom of the base. Higher near wall velocities are still
seen in the upper region of the base giving the wide area of low pressure that was seen
in the pressure distributions. Impingement has now moved up the base resulting in
the greater pressure recovery that was seen out board of the centreline. In the upper
horizontal plane (h/H = 0.93), Figure 3.17d, there is no recirculation to be seen as this
is located near the upper shear layer and the flow is symmetric.
This nominal case is now used as a comparison with all other radii tested at a fixed
ground clearance of h/H = 0.132. Figure 3.18c shows a repeat of the PIV plane at
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w/W = 0 for the nominal case, and the other plots show the wake effects as the front
radius is increased, Figure 3.18. The plots show that there are very few changes to
the wake structure seen in the time averaged field as the front radius is increased.
(a) r/W = 0.103 (b) r/W = 0.154
(c) r/W = 0.205 (d) r/W = 0.256
Figure 3.18: Time Averaged PIV Velocity Fields at w/W = 0 for all radii at a ground
clearance of h/H = 0.132
To quantify these changes, the technique used in the work of van Raemdonck [43]
was used where the movement of the free-stagnation point, upper vortex core and
lower vortex core are examined and trends can be extracted as a particular parame-
ter is altered (in this case front end radius or ground clearance). The distances are
non-dimensionalised either by model length (in X) or by model height (in Z) and a
schematic of the measurements is shown in Figure 3.19.
The results of this analysis are presented in Table 3.5 for increasing front radius at a
fixed ground clearance of h/H = 0.132. As the front radius is increased the height and
longitudinal distance to the free stagnation point increases as front radius is increased
to r/W = 0.205 before reducing again. This indicates that as the boundary layer under
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the model is thinned, there is a stronger lower shear layer which acts on the free
stagnation point and pushes it upwards. This will also increase the level of interaction
between the upper and lower shear layers, and in turn will increase the unsteadiness
of the wake as seen in the RMS of the instantaneous surface pressures. There is no
decisive movement of the upper or lower vortex core in either the longitudinal or vertical
direction.
Figure 3.19: Measured wake parameters
Front Radius Xstag Zstag Xupper Zupper Xlower Zlower
r/W = 0.103 0.5927 0.167 0.121 0.692 0.383 0.103
r/W = 0.154 0.603 0.172 0.126 0.697 0.362 0.096
r/W = 0.205 0.610 0.178 0.127 0.695 0.370 0.100
r/W = 0.256 0.600 0.163 0.126 0.703 0.361 0.099
Table 3.5: Wake parameters for the One Box model as front end radius is varied at
a ground clearance of h/H = 0.132
These results match with those of van Raemdonck [43] who found that when tape
was added to the front surface of the Ahmed model to thin the boundary layer, the
stagnation point is raised, however van Raemdonck recorded no longitudinal movement.
When further layers of tape were added to the front of the Ahmed model, the boundary
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layer was in fact thickened compared the no tape baseline case and then there was a
reduction in height of the free stagnation point.
If the effect of ground clearance is investigated when the front radius of the model is
fixed at r/W = 0.205, the same general wake topology is seen for all model heights so
is not shown; as such it is easier to probe the wake changes through the motion of the
free stagnation point and the vortex cores, Table 3.6. Ground clearance reduces the
distance Xstag to the free stagnation point up to h/H = 0.263 before the longitudinal
distance is increased. The vertical motion of the free stagnation point Zstag shows
that the free stagnation point is continually raised as ground clearance is increased.
This shows that there is increased flow from from under the model as it is raised out
of ground effect which is strengthening the lower shear layer and pushing the free-
stagnation point upwards and towards the base. This is different to the results seen
when front radius is increased, the wake is now shortened (as opposed to lengthened)
and there continually increasing Zstag indicates that the lower shear layer is always
increasing in strength. The upper vortex core is pushed upwards by the rising free
stagnation point, however the lower vortex core again remains unaffected.
Front Radius Xstag Zstag Xupper Zupper Xlower Zlower
h/H = 0.132 0.610 0.180 0.128 0.698 0.371 0.103
h/H = 0.197 0.595 0.184 0.125 0.720 0.369 0.099
h/H = 0.263 0.590 0.211 0.122 0.731 0.372 0.103
h/H = 0.329 0.595 0.234 0.136 0.761 0.371 0.103
Table 3.6: Wake parameters for the One Box model as ground clearance is varied
with a front radius of r/W = 0.205
It is proposed that the lower vortex core is unaffected by the changes in the time
averaged field because it is such an unsteady phenomenon (as proposed by Krajnovic
& Davidson [44]). Therefore any changes to this area of the flow are unsteady and
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are removed when the structure is averaged. The large vortex core is seen in the
instantaneous fields and is therefore a bulk motion of the wake that can be affected by
the shear layer interactions enough that the movement can be measured in the time
average fields
3.4 Summary
• Reynolds sweeps showed clear pre-critical, transitional and post-critical behaviour
for r/W ∈ [0.103, 0.154] at all ground clearances and transitional and post-critical
behaviour for r/W ∈ [0.205, 0.256]. The trends shows good correlation to previ-
ous work on this geometry by Newnham [39], and Cooper [75]
• Tests at h/H = 0.066 demonstrated that in a fixed floor tunnel the blockage
under the model gives an unrealistic flow topology seen through a drag coefficient
that is significantly higher than what is seen for subsequent ground clearances.
Therefore no further testing was done at this ground clearance.
• In general a drag minima was seen for r/W = 0.205 as radius was varied over
a fixed ground clearance. This parabolic drag curve with increasing radius is
attributed to the rounded lower leading edge; Newnham [39] showed a linearly
decreasing trend for increasing radius when the lower leading edge was square.
• When the ground effect is weaker, the model is most sensitive to drag with a
maximum range of ∆CD = 0.017 over the different radii tested at h/H = 0.329.
• For a fixed radius, as ground clearance was increased there was an increase in
the drag.
• The lift curves show similar trends at the two highest ground clearances suggest-
ing that the thinning of the boundary layer results in more flow under the model
and therefore an increase in suction on the model underbody and a reduction in
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lift. Once the model boundary layer is sufficiently thinned that it does not inter-
act with the tunnel boundary layer over the length of the model, the lift curve
reaches an asymptotic value and any increased suction over the front radius is
counteracted in pressure recovery over the model underbody.
• For the lower ground clearances where there is a large amount of blockage from
the tunnel boundary layer, this gives a decreasing lift coefficient for all radii
tested indicating that the model boundary layer is no longer thinned sufficiently
for no interaction with the tunnel boundary layer to occur. Hence the pressure
recovery under the model is highly sensitive to ground effect.
• Analysis of the nominal case of a front radius of r/W = 0.103 at a ground
clearance of h/H = 0.132 shows that there is a strong suction region in the upper
base with pressure recovery occurring towards to the lower trailing edge. The
pressure distribution is asymmetric and this is attributed to bi-stability. Increasing
the ground clearance results in a more evenly distributed suction over the whole
base area.
• When the front radius is changed at a fixed ground clearance the suction again
becomes more distributed over the whole base, particularly removing the pressure
recovery in the lower base. Analysis of the base drag clearly shows that at lower
ground clearances as the front radius is increased, the overall drag is reduced
by lowering the fore-body drag while the base drag increases. At the highest
ground clearances as the front radius is increased the changing base drag now
contributes ≈ 90% of the overall drag change.
• Considering the root mean square of the fluctuations from the mean pressure
coefficient at each tapping on the base, it is possible to see the changing un-
steadiness of the wake. With increasing front radius (thinning boundary layer)
there is an increase in the wake unsteadiness and this would indicate that the
mixing levels have increased. The two distinct peaks of RMS that appear on
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the base as the front radius is increased are indicative of the presence of bi-
stability and hence there wake changes are significant enough to be controlling
an unsteady phenomenon that is known to affect the bulk motions of the wake.
• As the ground clearance is increased for a fixed radius, the RMS of the CP
values are both increased and raised towards the centre of the base. Although
no changes to the topology of the base pressures was seen, the changing ground
effect is moving the mixing region of the wake towards the centre of the wake
torus. The RMS results show the highest levels for the penultimate ride height
indicating that an interaction between the model and tunnel boundary layer is
acting to increase the level of unsteadiness in the wake.
• Analysis of the wake topology from PIV showed that upper recirculation domi-
nated the near wall effects and impingement occurs near the lower trailing edge
of the base. On the vertical centreline the lower recirculation is dissociated from
the base, however away from the centreline the lower recirculation grows and
reduces the wall speeds near the lower base. In the horizontal plane the wake is
near symmetric providing further information that bi-stability is present.
• As the front radius is increased there is no change to the wake topology but
there is a shift of the free stagnation point in the vertical direction, while there
is no longitudinal motion. This supports the theory that as the radius reduces
the model boundary layer more flow can travel under the model; this strength-
ens the lower shear layer which forces the free stagnation point upwards. The
increasing interactions between the upper and lower shear layers will increase the
unsteadiness of the wake increasing the RMS of the surface pressures. There is
no movement of the upper or lower vortex cores
• At the largest front radius of r/W = 0.256 the stagnation point is lowered and
the RMS levels of the surface pressures are also reduced, while overall drag is
increased. This suggests a change in the flow topology under the model geometry
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due to the thinned boundary layer.
• When the ground clearance is increased the free stagnation point again moves
vertically as the lower shear layer increases in strength. However, the upper
vortex core is also shifted, indicating that a larger change to the overall flow
topology can be generated through the changing ground effect over the tested
range than by changing the boundary layer over the model.
• Overall this experiment has shown that fore-body changes can effect the base
pressure and there are subtle changes seen in the overall wake topology. Varying
the ground effect can change the trend in results and must be carefully considered
in future work.
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Chapter 4
Underbody Roughness Study
4.1 Introduction
From the study of the One Box model it has been seen that even a small change to
the fore-body can have an influence on the drag contribution of the base surface as
well as the unsteadiness of the wake. Ground effect was also shown to have a large
affect on the results, particularly at low ground clearance.
Littlewood et al. [16] have previously shown on a full scale vehicle that the condition
of the underbody flow can change optimisation parameters and also the overall drag
value indicating that the condition of the lower shear layer can have a visible effect
on the base pressure. To fill in this gap in understanding, two different thicknesses of
roughness strips were added to the underfloor of a Windsor model geometry and an
investigation into base pressure and wake topology conducted. A more complex model
geometry was selected for this work so that the wake topology would be unbalanced in
the vertical plane and realistic to a vehicle. Multiple data acquisition techniques have
been employed including: force and moment data, surface pressures measurements,
multi-hole probe traverses and low speed PIV measurements.
123
Chapter 4. Underbody Roughness Study 4.2. Experimental Setup
4.2 Experimental Setup
All experimental work was carried out at three levels of ground clearance: 30mm
(h/H = 0.104), 50mm (h/H = 0.173) and 70mm (h/H = 0.242), where these ground
clearances are non-dimensionalised using the model height; these are typical of a fully
laden vehicle, a nominal ride height, and a high ground clearance closer to that of an
SUV.
On the Windsor model several different investigations have been conducted into the ef-
fect of underbody roughness on the force and moment coefficients. Howell & Goodwin
[78] investigated how a roughened underbody effects the ground simulation required
during wind tunnel testing. Here a Windsor Model was tested at a ground clearance of
50mm and roughness strips are mounted transversely across the width of the under-
body, with a cross section of 20mm×5mm (this equates to a roughness strip thickness
of 1.7% of model height). Multiple underbody roughness profiles were created through
varying the number of strips used. It was seen that the roughness strips increased
the drag coefficient value over a range of backlight angles while the trend remains the
same for both a moving and stationary floor plane. The drag coefficient results are
presented in Table 4.1 and show that in this case 9 roughness strips are required to
match the previous drag change seen by Howell [17] when the underbody of a Rover
800 4-door saloon was smoothed.
Number of Roughness Strips Drag Coeffient, CD ∆CD to smooth floor
0 0.294 0
3 0.313 0.019
5 0.320 0.026
9 0.332 0.038
Table 4.1: Effect of underbody roughness strips on the drag coefficient of the
Windsor Model, Howell & Goodwin [78]
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Howell & Hickman [79] used the same method of simulating underbody roughness on
the MIRA reference model, where 4 rectangular strips were added to the underside of
the model body. Again this increased the drag coefficient recorded whilst maintaining
the general trends that were seen with a smooth underbody. Sims-Williams, Dominy
& Howell [13] have also used this method on Rover 200 models with success, while
Barlow et al. [34] used roughness strips of 16mm in thickness (5.7% of the model
height). All the model variations were at a constant ground clearance of 76.2mm. In
this work it was seen that the bodies with the roughness strips attached had little or
no flow emanating from under the vehicle due to the blockage created by the increased
boundary layer thickness in between the strips, and the separated flow around each
strip. This blockage is unrealistic and needs to be avoided as much as possible.
From this work it was decided to model the underbody roughness using two levels of
roughness strip: a rough floor with 6mm (2.08% of model height) thick strips and
an extra rough floor with 10mm (3.46% of model height) thick strips, Figure 4.1. A
smooth floor case will also be tested at all ride heights giving a total of 9 configurations.
It is recognised that the ground clearance of 30mm is low in a fixed floor tunnel and
when underbody roughness is added there is likely to be significant blockage under the
model however it was included for completeness of the investigation.
Figure 4.1: Windsor model used for testing with available underbody modifications
Five roughness strips were used, distributed along the length of the vehicle between
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the support pin locations. These were short of the full model width to account for
any side panelling found on a full scale vehicle. The roughness strips were chosen
to replicate the ∆CD value that is seen when a full scale vehicle has its underbody
smoothed, normally seen to be around ∆CD = 0.032 [16], [78].
The replaceable rear section of the model was fitted with a squareback geometry with
a base plate populated with a grid of surface pressure tappings - 72 in total - over half
of the base with an additional line of tappings across the centreline to verify symmetry
in the wake - 7 further tappings - as shown in Figure 2.20.
Before experimental work was conducted, a Reynolds sweep was completed for all
configurations to verify Reynolds insensitivity at the testing speed, ensuring that the
separation points on the model are stable. To conduct this work, balance measurements
were taken between 5m/s to 45m/s in steps of 5m/s giving a Reynolds Number range
between ReL = 4.26 × 105 and ReL = 3.84 × 106. The configurations were said to
be insensitive to Reynolds number changes if the drag remains within ∆CD = ±0.002.
Table 4.2 reports the Reynolds number based on model length at which each config-
uration becomes insensitive and Figure 4.2 shows the results for the nominal ground
clearance of h/H = 0.173. From this work a Reynolds value of ReL ≈ 2.9× 106 (vari-
able according to air temperature) was chosen which corresponds to a tunnel speed of
40m/s.
Ground Clearance Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 1.83× 106 2.59× 106 2.58× 106
h/H = 0.173 1.84× 106 2.62× 106 1.84× 106
h/H = 0.242 2.36× 106 2.20× 106 2.22× 106
Table 4.2: Reynolds Number at which model flow becomes insensitive for all floor
types and ground clearances
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Figure 4.2: Length Based Reynolds Number against Drag Coefficient for all
underbody types at a ground clearance of h/H = 0.173
As discussed in Section 2.1.5, the Loughborough University PIV system is permanently
situated in the Large Wind Tunnel and may be used to collect data in multiple planes.
For this study, data was collected in the vertical streamwise and horizontal streamwise
planes, using the set ups shown in Figure 4.3. Data was taken in the vertical streamwise
plane on both the centreline of the model (w/W = 0) and also 100mm from this point
(w/W = 0.26), while data was taken in the horizontal plane at h/H = 0.5 (the mid-base
height) and h/H = 0.93 (close to top of the base height).
For the vertical streamwise planes, two cameras were used in a translation configura-
tion to enlarge the captured field of view. Both cameras were mounted on tripods and
50mm lenses were used to obtain the optimal field of view given the focal length re-
quired. For the horizontal streamwise planes, 35mm lenses were used and the cameras
were again in a translation configuration on the tunnel roof traverse system. For each
PIV configuration, the inter-frame time (dt) was optimised - these times are shown in
Table 4.3.
A calibration was conducted each time that the laser or cameras were moved. When
the pin-hole calibration was applied to the image, it ensured that the average deviation
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of the de-warped image was below 0.3pixels - values lower than this are noted by
LaVision to be an indication of an excellent image set up. These values were noted
for each calibration in Table 4.4. For each data set, 1000 image pairs were recorded
at up to 7.26Hz.
(a) Vertical Streamwise PIV Set Up
(b) Horizontal Streamwise PIV Set Up
Figure 4.3: PIV Set Ups for Windsor model testing
Ground
Clearance
w/W = 0 w/W = 0.26 h/H = 0.5 h/H = 0.93
h/H = 0.104 28µs 30µs 30µs -
h/H = 0.173 28µs 30µs 30µs 32µs
h/H = 0.242 28µs 30µs 30µs 32µs
Table 4.3: Inter-frame time used for each PIV set-up for the Underbody Roughness
Study
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Ground
Clearance
w/W = 0 w/W = 0.26 h/H = 0.5 h/H = 0.93
h/H = 0.104 0.23663 0.19650 0.19091 -
h/H = 0.173 0.23663 0.19650 0.19091 0.19941
h/H = 0.242 0.23663 0.16978 0.16156 0.26648
Table 4.4: Error recorded during the calibration process - average deviation to
calibration marks measured in pixels - for the Underbody Roughness Study
4.3 Results
4.3.1 Balance Results
Every yaw sweep on the balance was taken three times to check for experimental
repeatability - this accounted for model set up as well as ambient conditions outside of
the tunnel. The three results were then averaged, however all data repeated to within
±0.001 (1 count) before averaging. Figure 4.4 shows the sweeps for the three different
floor types at each of the ground clearances.
Taking the nominal ride height case, Figure 4.4b shows that the addition of the rough-
ness strips increases the drag at 0o from CD = 0.279 to CD = 0.325 (∆CD = 0.046).
While some of this drag change will be generated through the drag of the strips them-
selves, a proportion of it will be made through a change to the wake structure, and
therefore the surface pressures on the base and underbody of the model. When the
roughness strips are further thickened, a further drag increase of ∆CD = 0.011 is
observed bringing the 0o drag coefficient to CD = 0.336.
All the curves show a slight asymmetry when looking at yaw angles greater than 10o,
which for a smooth floor gives a peak to peak asymmetry of ∆CD = 0.012. The
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additional roughness is reducing the model’s sensitivity to yaw angle, seen through
the flattening of the curves. This would indicate that as the flow disruption under
the model is increased there is less of a change to the wake structure as the model is
yawed.
The results found for these roughened floors at the nominal ground clearance of
h/H = 0.173 match well with the results of Howell & Goodwin [78] who applied
roughness strips to the underbody of a Windsor model and found a maximum drag
increase of ∆CD = 0.038 with 9 roughness strips. This matched the change seen in a
drag coefficient when the underside of a Rover 800 4door saloon was smoothed. This
is also similar to the change that Littlewood et al. [16] found when they smoothed
the underbody of a production MPV. Therefore the rough underbody is an appropri-
ate roughness to be testing; the drag changes for the extra rough strips are seen to
be slightly high compared to previous studies however they still appear to provide a
valuable assessment of the trends caused by the manipulation of the underbody profile.
By increasing the ground clearance to h/H = 0.242, Figure 4.4c, the smooth floor drag
value is increased by less than ∆CD = 0.001 which is within experimental error. By
adding the rough floor, the drag is increased by ∆CD = 0.022, from CD = 0.282
to CD = 0.307, a significant reduction compared to the nominal ride height case.
Therefore there must have been an element of blockage created by the disturbed flow
at the lower ride height which resulted in a change to the wake structure due to less flow
emanating from under the model. This would match with the drag coefficient results
of Williams Barlow & Ranzenbach [34] who demonstrated this lack of underbody flow
using a seven-hole probe. At a ground clearance of h/H = 0.242 there is a passage way
through which flow can travel, even with the thickened boundary layer on the model
surface due to the roughness strips, and this results in a reduction in the drag.
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(a) h/H = 0.104 (b) h/H = 0.173
(c) h/H = 0.242
Figure 4.4: Drag coefficient against Yaw Angle for all Configurations
When the extra rough floor is added the drag is further increased by ∆CD = 0.014 to
a value of CD = 0.321. The difference between this case, and that of h/H = 0.173
is the degree to which the flow under the model has been blocked by the roughness
strips and thickened boundary layer.
Given the results for the One-Box model, it was known that there would be significant
flow interference at the lowest ground clearance h/H = 0.104, but due to the new model
geometry it was tested in the initial phase of this study. The drag of the smooth floor
configuration at h/H = 0.104 (Figure 4.4a), is reduced by ∆CD = 0.006 compared to
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h/H = 0.173 and the trend in the results between the rough and extra rough floor is
reversed - the extra rough floor maintains a lower drag coefficient over the yaw range
than the rough floor. Therefore, there must be a high level of blockage underneath
the model when the extra rough floor is in place resulting in what Williams, Barlow &
Ranzenbach [34] referred to as an attached wake. This is when little flow is emitted
from the underside of the model so that closure of the wake in the vertical plane comes
from the over-body streamlines reattaching to the wind tunnel floor; this results in the
model being more representative of a half model condition.
Returning to the model at a ground clearance of h/H = 0.173 to examine the lift
coefficients, Figure 4.5a shows that at zero yaw the lift is reduced by ∆CL = −0.017
from CL = −0.130 to CL = −0.147 when the underbody is roughened. The results
for both the rough and extra rough floor remain within ∆CL = 0.001 of each other so
are within the experimental error. The front lift coefficient shows that the presence of
a roughened underbody increases the front lift by ∆CLf = 0.072 at zero yaw, while
further roughening the underbody increases the front lift by a further ∆CLf = 0.018.
Conversely rear lift is reduced by the presence of a roughened underbody and the
general shape of the yaw sweep is also manipulated from a “W” to a “U”. Looking
only at the zero yaw results there is an initial decrease of ∆CLr = −0.090 when a
rough underbody is introduced and then a further reduction of ∆CLr = −0.018 is
seen.
A similar trend in front lift is seen when the ground clearance is increased to h/H =
0.242, Figure 4.6a, although there is now a smaller change, ∆CLf = 0.035, when the
rough floor is placed on the model. The difference between the rough and extra rough
floor remains very similar at ∆CLf = 0.019. The rear lift coefficients match these
trends with an initial lift reduction of ∆CLr = −0.059 and then a further reduction of
∆CLr = −0.035.
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(a) Yaw Position Vs Total
Lift
(b) Yaw Position Vs Front
Lift
(c) Yaw Position Vs Rear
Lift
Figure 4.5: Yaw Angle Vs Lift Coefficients for a ground clearance of h/H = 0.173
(a) Yaw Position Vs Total
Lift
(b) Yaw Position Vs Front
Lift
(c) Yaw Position Vs Rear
Lift
Figure 4.6: Yaw Angle Vs Lift Coefficients for a ground clearance of h/H = 0.242
Examining the lift results at yaw, it can be seen that as the model moves away from
the zero yaw condition the overall lift force is increased more rapidly when there is a
rough underfloor in place and the results for the two rough underbody configurations
become much closer for both ride heights.
4.3.2 Boundary Layer Measurements
To check the conclusions drawn form the balance results, probe measurements were
taken just prior to the final separation from the underbody between the model and
the tunnel floor. The cobra probe was used due the confined space and the high risk
of damage to a hot-wire probe as the probe head could not be seen during the test
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procedure. The probe was controlled using a manual traverse underneath the tunnel
working section, and measurements were taken at 1250Hz for ≈ 33s.
The results are shown in Figure 4.7, and the velocities are normalised using the tunnel
freestream velocity of 40m/s. The first plot shows that, even with the smooth floor in
place, when the model is at h/H = 0.104 the mean velocity of the flow never manages
to reach the freestream value. This is somewhat expected as the model is within the
boundary layer of the tunnel, so the flow at inlet to the underbody will not be at the
freestream flow speed. When the rough floor is in place, there is a significant drop
in the mean velocity profile over the full gap height indicating that the two boundary
layers have now merged and the flow is traveling at < 0.68V∞. However by closely
observing the profile it is seen that the boundary layer of the model surface extends
down to h/H = 0.035 from the wind tunnel floor, showing its dominance over the wind
tunnel boundary layer. By introducing the extra rough floor there is now virtually no
measurable flow underneath the model body as the viscous effects are dominant - the
blockage is far too severe for a reasonable result to be obtained.
When the model is raised to a ground clearance of h/H = 0.173 the underbody flow
(with a smooth floor) now reaches the freestream value at one measurement point -
approximately at mid-gap height - and is within ±0.1V∞ of the freestream value over
a height of h/H = 0.062. This indicates that the flow structures under the model are
starting to become representative of a real vehicle flow. When the rough underbody is
introduced, it can be seen that the boundary layer on the model surface is far stronger
than that of the tunnel floor resulting in a far greater momentum loss from the upper
surface and the peak flow velocity occurring below the mid-gap height. The maximum
flow speed is now reduced to 0.87V∞ of the freestream value. The extra rough floor
has a maximum flow velocity of 0.7V∞ of the freestream value.
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(a) h/H = 0.104 (b) h/H = 0.173
(c) h/H = 0.242
Figure 4.7: Mean Velocity Results at l/L = −0.5 for all configurations
The results with a ground clearance of h/H = 0.242 show the smooth floor has a
maximum velocity very close to freestream speed at a mid gap height and the flow is
within ±0.1V∞ of the freestream value over h/H = 0.111 of the gap. The rough floor
then thickens the boundary layer on the model surface, lowering the location of the
velocity maximum but not significantly reducing its magnitude. As would have been
initially predicted, the extra rough floor then heightens this effect, bringing the velocity
maximum down to h/H = 0.087 from the wind tunnel floor and further increasing the
momentum deficit caused by the model boundary layer.
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These results show that at a ground clearance of h/H = 0.104 the model is within
the tunnel boundary layer as was predicted from the One-Box results. However with
the smooth floor in place there is sufficient flow under the model for a realistic wake
structure. The roughness strips thicken the underbody boundary layer as desired,
however they create a severe blockage at the lowest ground clearance and therefore
will not be tested any further.
At a ground clearance of h/H = 0.173 the smooth floor results are representative of
a full scale model in both magnitude and trends and the rough floor is reliable for
wake trends which is the focus of this work; the extra rough floor creates too much
blockage under the model so will not be used in further analysis. All results at a ground
clearance of h/H = 0.242 are representative in both force magnitude and trends so all
floor types will be tested.
Consequently 6 configurations are analysed for surface pressures and wake topology
changes: the smooth floor configuration at all ground clearances, the rough floor for
h/H = 0.173 and h/H = 0.242 and the extra rough floor will only be tested at the
highest ground clearance of h/H = 0.242.
4.3.3 Pressure Results
4.3.3.1 Time Averaged Results
To further understand the results found using the balance, surface pressures were taken
over the base for all configurations, shown in Figure 4.8. For all images the same scale
is used.
As an initial observation it may be noted that all the conditions result in the full
base being in suction, but clear areas of the wake have high velocity near wall flow
resulting in a suction peak. As the ground clearance is increased from h/H = 0.104 to
h/H = 0.242 with a smooth floor it is seen that the lowest pressure area increases in
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size, restricting the pressure recovery region to nearer the model sides.
The area weighted base pressures are calculated using Equation 2.7 and are shown in
Table 4.5. With a smooth floor the lowest pressure is recorded for a ground clearance
of h/H = 0.173. When the model is then raised to a ground clearance of h/H = 0.242
there is a base pressure recovery of ∆CP = 0.007. However the balance drag results
showed little change for this increase in ground clearance (within ∆CD = ±0.001).
This suggests there is a drag increase from the model fore-body now that there is less
influence from the ground effect. The results for a ground clearance of h/H = 0.242
with a smooth floor are very similar to those at h/H = 0.173 indicating that there is
little change to the wake topology between these two configurations.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.8: Time Averaged Base Pressures for all Floor Types and Ground
Clearances
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Ground Clearance Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 -0.164 - -
h/H = 0.173 -0.179 -0.163 -
h/H = 0.242 -0.172 -0.156 -0.179
Table 4.5: Base Area Weighted Pressure Coefficients for all Floor Types and Ground
Clearances
When the underbody is roughened there is an increase in the base pressure as there is
now pressure recovery over the upper portion of the base and the near base recirculation
region is now confined to the lower half of the base. Increasing the ground clearance
now results in further pressure recovery form the upper portion of the base and a
∆CP = 0.007 increase over the base.
Applying the extra rough underbody at the highest ride height results in a large low
pressure region over the base and a change to the wake topology. This is further
investigated using PIV.
The results at h/H = 0.104 allow for comparison with the work of Littlewood [76];
in these results the pressure distribution shows that the dominant pressure gradient
is along the horizontal rather than the vertical. In the present work, the results of
the rough underbody at a ground clearance of h/H = 0.173 are closer to those of
Littlewood, indicating that during the testing of Littlewood there were different tunnel
conditions.
4.3.3.2 Testing with Increased Freestream Turbulence Levels
To validate the hypothesis that the tunnel conditions had changed, the freestream
turbulence level was increased using the technique developed by Newnham [39], where
a grid is installed over the full inlet of the working section. The grid is made of
3.85mm wire, and additionally 12mm tape was attached to alternate rows of the grid
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to increase the turbulence level further. For reference to this work, see the published
thesis of Newnham [39]. Once the grid was installed a traverse was taken using the
Cobra probe in the middle of the working section to establish the new freestream
turbulence level - the predicted level (from the work of Newnham) was 3.41% while
the measured level was 3.40%.
Figure 4.9: Base Pressure Distribution for Squareback Configuration from
Littlewood [76]
The results taken by Littlewood (Figure 4.9) were at a ground clearance of h/H = 0.104,
with a smooth underbody. The contour plot in Figure 4.9 is representative of half the
base structure (the same as in the current experimental work). The work of Littlewood
shows the contours being banded horizontally, with a strong suction region over the
whole lower half of the base. Comparing this with the baseline freestream turbulence
case of the current experimental work, Figure 4.10, it can be seen that there is a
significant difference between the two results. The current work shows a higher base
pressure in general. When the freestream turbulence is increased, Figure 4.10, the area
of suction is significantly increased and the plot looks more similar to that of Littlewood.
This would clearly indicate that between the collection of the data sets, there has been a
significant reduction in the freestream turbulence levels in the Loughborough University
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Wind Tunnel; this is primarily attributed to tunnel maintenance.
The results at ground clearances of h/H = 0.173 and h/H = 0.242 show that the near
wake structure is far less sensitive to changes to freestream turbulence with the plots
showing similar topologies and magnitudes.
Turbulence
Intensity
h/H = 0.104 h/H = 0.173 h/H = 0.242
0.2%
3.4%
Figure 4.10: Comparison of the results when the freestream turbulence intensity is
modified
4.3.3.3 Unsteady Results
To examine the effect of the changing strength of the lower shear layer, the RMS of
the fluctuations from the mean pressure are investigated, Figure 4.11, as in the work
of the One-Box model.
As the ground clearance is increased for a smooth underbody the point of maximum
RMS does not shift in the vertical direction but instead the strength of this region is
changed. As the ground clearance is increased to h/H = 0.173 there is a reduction
in the level of fluctuations, although the topology remains the same, suggesting that
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the wake unsteadiness has been reduced as the model is moved away from the ground.
However, at the highest ground clearance of h/H = 0.242, the unsteadiness is increased
once again.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.11: RMS of the fluctuations from the mean pressure for all Floor types and
Ground Clearances
Roughening the underbody raises the point of maximum RMS and the level of fluc-
tuation in the upper base region. The fluctuations over the lower base are reduced
suggesting a change to the overall wake unsteadiness when the underbody is rough-
ened. The RMS fields seen for the smooth and rough floors are similar to those seen on
one half of the base in the work of Volpe et al. [23] giving indications that bi-stability
should be present in the wake. Bi-stability is a long phase switching of the wake be-
tween two discrete modes, which when averaged together produce the symmetrical
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topology that is commonly associated with generic vehicle models at zero yaw.
The unsteadiness is entirely changed when the Extra Rough floor is in place with a
significantly lower level of fluctuations recorded. Most fluctuations now occur near the
model centreline at the top of the base and the bottom of the base shows greater
stability than in any other configuration.
To investigate the presence of bi-stability further the results were conditionally averaged
at the point of maximum RMS in to a “high” and “low” pressure condition using the
fluctuations about the mean. Volpe et al. [23] showed that when a high pressure
condition is located on one half of the base the other will experience the low pressure
condition; although if the whole base is tapped then CPBaseL = CPBaseR = CPBase .
From the time histories extracted at the maximum RMS location, Figure 4.12, it is seen
that in general there is a bias towards the lower pressure condition on the right hand
side of the model base, and this is shown as a ratio of High:Low pressure conditions
in Table 4.6. This results in a biased mean area weighted pressure coefficient as only
half of the base area was tapped. This work was conducted at the start of the project,
when the presence of bi-stability was not known, and it was assumed that the wake flow
would be symmetric over the long sample time used. However when the bi-stability
phenomenon was discovered the base of the One-Box model was fully tapped as this
was the final experimental work to be completed.
In this case, the bi-stability results in an underestimation of the area weighted base
pressure for all configurations except a rough underbody at a ground clearance of
h/H = 0.242 where the sample produced an unbiased result.
All the smooth and rough floor configurations show bi-stable behaviour, but the extra
rough floor shows small unsteady fluctuations around the mean CP value. This indi-
cates that change to the lower shear layer created by the extra rough floor has had an
effect on the mechanism that is driving the bi-stable behaviour. In general, it is seen
that there is a decrease in tswitch (the average time each state is maintained before
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a switch occurs) when the underbody is roughened resulting in a more accurate area
weighted mean pressure coefficient; this corresponds with the higher levels of RMS
fluctuations recorded. A 50:50 distribution of samples is seen for the rough floor case
at a ground clearance of h/H = 0.242.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.12: Pressure Fluctuations from the Mean value at the point of maximum
RMS
Ground Clearance Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 39:61 - -
h/H = 0.173 20:80 38:62 -
h/H = 0.242 31:69 50:50 -
Table 4.6: Proportion of High:Low Fluctuations
Using the time history for each configuration the data is conditionally averaged to
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generate the two base pressure cases: ”high” pressure at the maximum RMS location
(above the mean value) and ”low” pressure (below the mean value).
When the high pressure contours are examined in isolation (Figure 4.13), it is seen that
the dominant pressure gradient is across the base rather than in the vertical. At the
lowest ground clearance of h/H = 0.104, with a smooth floor, there is a large amount
of pressure recovery out to the side of the model and the upper portion of the base
shows a higher pressure than the bottom. When the ground clearance is increased to
h/H = 0.173 there is a more even pressure distribution over the height of the model
and the pressure recovery towards the model sides is reduced. At the highest ground
clearance of h/H = 0.242 a similar distribution is seen with little change to the base
pressures.
With a rough floor, the pressure distributions have similar topologies at both ground
clearances. Compared to the smooth floor topologies, the low pressure region at the
bottom of the base has grown in size and its influence now extends further across the
width of the model. The pressure distribution for the ground clearance of h/H = 0.173
with a rough floor is very similar to that obtained at h/H = 0.104 indicating that
the rough underbody is having a similar effect on the underbody flow as the presence
of ground effect on a smooth floor closer to the tunnel floor. The lowest pressure
suction region is larger on the h/H = 0.173 case than for h/H = 0.242 showing that
the roughened underbody is having more of an effect at the lower ground clearance as
would be expected from the probe measurements between the model and tunnel floor.
As there was no bi-stability present in the extra rough floor case, this configuration
was not part of this analysis.
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Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242 Not Measured
Figure 4.13: ”High” Pressure bi-stable condition for all Floor Types and Ground
Clearances
If the low pressure condition is now investigated, it is seen that a strong suction region
is present over the whole tapped region although there are subtle differences between
the configurations. At the lowest ground clearance with a smooth floor, there is a small
amount of pressure recovery seen at the top outer corner of the base, but the strong
suction region is present over the full height of the base from the model centreline to 3/4
of the width of the base. When the ground clearance is increased to h/H = 0.173, the
suction region is now stronger and this is seen across the full width, with the pressure
recovery in the top outer corner of the base being suppressed. With the model at its
highest ground clearance, a topology closer to the lowest ground clearance is seen,
although there is lower pressure along the centreline.
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With a rough underbody, the flow topologies and strengths are very similar for the two
ground clearances tested and from the contour plots it is not possible to observe any
differences.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242 Not Measured
Figure 4.14: ”Low” Pressure bi-stable condition for all Floor Types and Ground
Clearances
It is known from the work of Volpe et al. [23] that when one half of the base is
experiencing the ”high” pressure condition, the opposite half will be experiencing the
”low” pressure condition. Therefore, to complete the analysis it was decided to average
the ”high” and ”low” pressure field together to create a statistically balanced pressure
field - this represents a data set where the switches between the two configurations is
50:50 and therefore a symmetric mean field is generated. Combining the two conditions
gives further insight to the changes to the wake topology. As the smooth floor model
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is raised from h/H = 0.104 to h/H = 0.173 the ”high” pressure condition shows a
comparatively higher base pressure, while the ”low” pressure case shows a lower base
pressure. but it is the mean of these cases that is of interest.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242 Not Measured
Figure 4.15: Statistically Balanced Average Pressure Contours obtained from
averaging together the “high” and “low” pressure conditions
Ground Clearance Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 -0.158 (0.006) - -
h/H = 0.173 -0.164 (0.015) -0.157 (0.006) -
h/H = 0.242 -0.162 (0.010) -0.156 (0.000) -
Table 4.7: Statistically balanced Area Weighted Pressure Coefficients for all Floor
Types and Ground Clearances; (##) differences to experimental Area Weighted Base
Pressure Coefficients
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It is known from the time histories that the original pressure field of the rough floor
case at a ground clearance of h/H = 0.242 represents a perfect average of the two
cases, while all other results are biased towards the lower pressure condition. Figure
4.15 shows the final pressure fields of this analysis and it is seen that the statistically
balanced pressure distributions give a result similar to those presented in previous
literature (such as that of Littlewood & Passmore [76]) with a low pressure bubble
in the lower base region and pressure recovery occurring towards to top of the base
region. However the bi-stable analysis shows this to be a topology that likely never
truly exists and therefore should be carefully considered before being used to define a
wake topology.
The smooth floor configuration at the lowest ride height of h/H = 0.104 shows a
strong suction region in the lower base with pressure recovery occurring both towards
the roof and sides of the model. As the ground clearance is increased to h/H = 0.173
the suction region in the central base has become stronger and there is less pressure
recovery towards the top trailing edge. The pressure recovery towards the sides of the
base has also been suppressed. At the highest ground clearance of h/H = 0.242 the
suction region remains stronger than at h/H = 0.104 but it has been weakened when
compared to the result at h/H = 0.173. The pressure recovery towards the model sides
is as it was at a ground clearance of h/H = 0.173. Therefore raising the model away
from the ground has a large impact on the base pressures between h/H = 0.104 and
h/H = 0.173 were the model is being taken out of ground effect. However between
ground clearances of h/H = 0.173 and h/H = 0.242 there are far smaller changes seen
in the base pressure indicating that the ground effect is still present but it is having
less of an effect.
When a rough floor is applied to the model, the topology is again similar to that
seen with a smooth floor at a ground clearance of h/H = 0.104, although for both
ground clearances tested there is greater pressure recovery towards the top trailing
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edge. There is very little difference between the rough floor configurations at the two
ground clearances with the lowest pressure region becoming marginally weaker for the
higher ground clearance.
Although the topologies are changed by this analysis, it is also of interest to see the
impact on the area weighted base pressure coefficients which are reported in Table 4.7.
The values reported in the table are from the statistically balanced pressure fields, while
the values in brackets show the difference to the original experimental data reported
in Figure 4.8 and Table 4.5. The extra rough floor configuration is not included in
this analysis due to the lack of bi-stability seen in the time history of the pressure
fluctuations at the point of maximum RMS.
By calculating the statistically balanced pressure coefficients, all area weighted pressure
coefficients are increased from the original experimental values, except for the rough
floor at a ground clearance of h/H = 0.242 which already represented the statistically
balanced case. The maximum difference seen is for the smooth floor configuration at a
ground clearance of h/H = 0.173 where an increase of ∆CP = 0.015 is recorded. This
is a significant error and could have a large impact on analysis if it were not considered.
The results for the rough floor configurations are now within experimental error of one
another, which was not seen previously, indicating the flow topology between the two
ground clearances is very similar. Now, the change in drag recorded by the balance for
these two configurations (∆CD = 0.018) becomes more significant as it represents a
change due to fore-body and skin friction drag as the model is raised out of ground
effect.
4.3.4 Particle Image Velocimetry
Planes of Particle Image Velocimetry (PIV) were taken at two vertical and two horizon-
tal locations in the wake of the model. These were: the vertical centreline (w/W = 0),
the horizontal mid-plane (h/H = 0.5), a vertical plane 100mm from the centreline
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(w/W = 0.26) and a horizontal plane near the top trailing edge (h/H = 0.93).
Results of all configurations for the vertical centreline w/W = 0 plane are shown in
Figure 4.16. Each image shows the time average velocity field created from 1000
instantaneous images, with the velocity magnitude shown as contours in the back-
ground and streamlines used to show flow structures. The results for h/H = 0.104
show significantly slower flow exiting the model underbody, correlating well with the
probe measurements. This would indicate that even when the smooth floor is in place
the ground effect means that a blockage is created under the model which affects
the lower vortex structure of the wake. In the far wake, the boundary layer can be
seen separating from the tunnel floor as the lower shear layer does not have enough
momentum to overcome the viscous effects of the tunnel boundary layer, as seen in
the work of Grandemange, Gohlke & Cadot [22] for ground clearances of h/H ≤ 0.122.
The streamlines show a dominance of the lower recirculation bubble resulting in im-
pingement occurring above the central base height, although the free stagnation point
is located above the mid-base height. Some underbody flow is still curved up towards
the top of the base and reattachment occurs just before the top of the base. This
flow is then incorporated into the upper shear layer and convected out of the wake
region; consequently the upper recirculation bubble is isolated from the base leading
to the pressure recovery seen in Figure 4.15; for this configuration the base pressure is
controlled by the lower vortex.
With the smooth floor in place, raising the geometry to a ground clearance of h/H =
0.173 increases the momentum of the lower shear layer enough to suppress the tunnel
boundary layer separation, although flow in the far wake is still slowed as it interacts
with the tunnel boundary layer. The upper and lower lobes are now closely balanced
in strength and size, with impingement occurring at mid-base height and there is now
a bifurcation line between the upper and lower lobes of the torus rather than flow
travelling from the lower shear layer to the upper recirculation region or vice versa.
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This correlates with the surface pressure measurements (Figure 4.15) which showed
an even suction over the vertical centreline of the model, indicating similar near wall
velocities over the base height. The free stagnation point is located just below mid-base
height; therefore the shear layers are of similar strength and there is a weak interaction
between the shear layers acting to reduce unsteadiness in the wake, as was seen in the
RMS of the surface pressures, Figure 4.11.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.16: Time Average PIV results on the plane w/W = 0
Raising the geometry to the highest ground clearance of h/H = 0.242 lowers the free
stagnation point further, and impingement on the base occurs below half height on the
model. There is a dominance of the upper lobe of the torus, and flow from the upper
shear layer is now curved down towards the lower base where it re-attaches before
being incorporated into the lower shear layer - a symmetry of the flow topology seen
at a ground clearance of h/H = 0.104. The increased momentum of the lower shear
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layer now further reduces the effect of the tunnel boundary layer interaction.
With a rough underbody at a ground clearance of h/H = 0.173 it is seen that the
presence of the roughness strips has reduced the momentum of the lower shear layer
by thickening the boundary layer (as seen in the probe measurements), and raising the
free stagnation point and increasing the size of the lower torus lobe. The probe mea-
surements show that the peak velocity under the body of the rough floor configuration
is close to that of the smooth floor at a ground clearance of h/H = 0.104, although
there is a greater momentum deficit due to the presence of the roughness strips on
the model underbody. From the PIV results it is seen that this results in a greater
curvature of the lower shear layer which in turn raises the free stagnation point. The
reduction in momentum of the lower shear layer can also be seen in the far wake where
there is now a tendency for the tunnel boundary layer to separate from the floor.
Raising the ground clearance to h/H = 0.242 suppresses this separation and also reduces
the height of the free stagnation point to near mid-base height. However there is
dominance to the lower vortex lobe with flow from the lower base region reattaching
on the upper base; the reattachment point on the base has been lowered as the ground
clearance was increased. Roughening the floor further, to the extra rough configuration,
gives a large lower recirculation zone as the lower shear layer is again weakened and
the height of the free stagnation point is increased. Again there is a characteristic ”S”
shape of the flow travelling from the lower shear layer and curving back to reattach to
the upper base region before being incorporated into the upper shear layer.
As the lower boundary layer is thickened it is influenced more by the low pressure wake
region, resulting in a curvature of the lower shear layer which raises the free stagnation
point and causes impingement of the wake flow to occur high up on the base. This
results in a larger lower torus, and the upper torus becoming increasingly isolated from
the base. When the shear layers are closely balanced in strength (at a ground clearance
of h/H = 0.173 with a smooth underbody) there is the lowest level of unsteadiness seen
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in the wake.
In the horizontal mid-plane the flow topologies shown in Figure 4.17 are highly influ-
enced by the bi-stable nature of the wake resulting in many of the configurations giving
an asymmetric wake structure. Interestingly bi-stability also appears to be present in
the extra rough floor case which is unexpected from the low RMS values of the surface
pressures, and from the time history of the pressure tapping at the point of maximum
RMS.
At the lowest ground clearance of h/H = 0.104 the wake is nearly symmetrical with
impingement occurring near the model centreline. There is a region of slower flow
around the free stagnation point (seen in the velocity magnitude contours) that would
suggest that this is not a stable location, instead as the unsteady wake is captured
instantaneously it undergoes a flapping (Volpe et al. [23]) and pumping (Duell &
George [12]) motion resulting in a region of low velocity flow in the time averaged
field. When the ground clearance is increased to h/H = 0.173, this region of low
velocity flow at the free stagnation point becomes wider, suggesting that the flapping
motion of the wake has been increased as the model is removed from ground effect.
To confirm this theory, the low velocity region is very similar at the highest ground
clearance, where previous measurements have shown the ground effect is less significant
on both this ground clearance and h/H = 0.173.
With a roughened underbody there is more asymmetry seen in the streamlines suggest-
ing that bi-stability now has a longer tswitch and consequently there are less switches
captured during the data capture (≈ 138s). The streamlines near the free stagnation
point show that the torus appears truncated with it having a more equal length across
the base. This is a fundamental change in topology that is not seen in the vertical
plane, and is only present when the roughened underbody is present suggesting that
it is related to the condition of the lower shear layer. The low velocity region near the
free stagnation point extends across ≈ 0.5W indicating that there is a large range in
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the flapping motion for the two rough floor configurations.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.17: Time Average PIV results on the plane h/H = 0.5
The extra rough floor does not show a development of the rough floor results obtained
at a ground clearance of h/H = 0.242 but instead a highly asymmetric topology is
captured with more similarities with the smooth floor topology. The shape of the
recirculation region shows that the wake is no longer truncated and the flapping motion
of the free stagnation point is reduced.
To analyse the influence of the bi-stability phenomenon on these results the velocity
fields were decomposed using Proper Orthogonal Decomposition (POD), which is de-
scribed in detail in Section 2.1.5.1. This decomposition creates modes which describe
a particular wake motion and are ordered by the turbulent kinetic energy they contain.
The instantaneous flow fields can then be reconstructed using any number of these
modes such that the low energy noise can be removed from the field and the bulk mo-
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tion of the wake better understood. In this work the velocity fields were reconstructed
using the first 50 modes which contained ≈ 50% of the total turbulent kinetic energy.
The decomposition also produces a temporal coefficient for each mode which can be
used to describe the motion of the flow. Volpe et al. [23] has shown that the first
POD mode contains the bi-stable motion of the wake.
Analysis of the temporal coefficient of the first mode is an effective method of seeing
the bi-stable field switching between the two conditions and is shown in Figure 4.18.
It is apparent that all fields show some switching although the strong bias to a single
condition for the extra rough floor at a ground clearance of h/H = 0.242 would indicate
that the model is at a small yaw angle to the onset flow. It was shown by Volpe et
al. [23] that when at small yaw angles (±0.5o) a bi-stable wake will still show the
same two asymmetric conditions however one will have significantly more dominance
over time. Once the model is at yaw angles of > 0.5o then a single state will persist.
Therefore the result for the extra rough floor indicates that the model is close to 0.5o
to the onset flow and this results in the highly asymmetric flow topology in the time
averaged results for the horizontal plane.
For the smooth floor model, the first temporal coefficient shows more switches occur-
ring as the ground clearance is increased suggesting that the ground effect is suppressing
the bi-stable phenomenon and makes the probability of a switch occurring significantly
lower. At the maximum ground clearance of h/H = 0.242 there is very little time over
which a given state is sustained and this results in the symmetric mean wake shown in
Figure 4.17.
The presence of a rough underbody at a ground clearance of h/H = 0.173 reduces the
probability of a switch occurring similarly to ground effect. However for the sample
collected here, the probability of a switch with a rough floor present was less than with
ground effect present for a smooth floor model at a ground clearance of h/H = 0.104.
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Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.18: First Temporal coefficient of POD of the PIV data at h/H = 0.5
The results obtained for the vertical off-centre plane (w/W = 0.26) are presented in
Figure 4.19 and the changes due to the changing lower separation are more significant
than those seen in the vertical centreline plane. At the lowest ground clearance with a
smooth floor, flow is coming into the data plane from the bulk flow at a source near
the base wall and then is travelling out of this plane (interpreted as back into the bulk
motion of the wake) at the sink points located in the mid-wake region. However as the
model is moved out of ground effect the lower recirculation becomes more apparent at
this outboard location, suggesting that the lower lobe of the torus is now more stable
than when in ground effect. As the model is raised to the highest ground clearance
there is little change to the wake topology, even though a change is seen on the vertical
centreline.
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With a rough underbody present the upper recirculation now becomes more dominant,
while the lower region of the wake appears ”closed” with no flow recirculating in this
plane. This would indicate that when one of the recirculation regions is more dominant
at the vertical centreline, its effects are weaker across the model base so that the wake
structure is no longer a ring.
For the extra rough floor there are recirculation regions for both the upper and lower
vortex and this corresponds with the strong suction seen across the whole tapped base
area for this configuration.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.19: Time Average PIV results on the plane w/W = 0.26
Data was not collected for the upper horizontal PIV plane for a ground clearance of
h/H = 0.104, however the data for all other configurations is shown in Figure 4.20.
The source point (seen near the base in all configurations presented here) would be
expected to be centrally located; however the asymmetry can be associated with the
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bi-stability seen in the horizontal mid-plane. Little change is made to this region of
the wake high up on the base when only the lower separation is altered.
Ground
Clearance
Smooth Floor Rough Floor Extra Rough Floor
h/H = 0.104 Not Measured Not Measured Not Measured
h/H = 0.173 Not Measured
h/H = 0.242
Figure 4.20: Time Average PIV results on the plane h/H = 0.93
4.4 Summary
• The Windsor model was tested with two levels of underbody roughness at three
ground clearances; the aim was to change the lower separation and discover its
affect on the base pressures and wake topology. Tests were conducted using
force measurements, cobra probe, surface pressures and PIV fields in the wake.
Overall the experiment was very successful and showed that the lower separation
can have a large effect on the wake structure and resulting base pressures.
• Balance results showed that both the roughened underbodies at the lowest
ground clearance (h/H = 0.104) showed high drag and in fact the rough floor
showed higher drag results than the extra rough floor. Probe measurements
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showed that the viscous effects were too great under the model with the rough-
ened underbodies and created unrealistic flow conditions around the geometry
so were no longer tested at this ground clearance.
• At a ground clearance of h/H = 0.173 the rough floor increased the drag by
∆CD = 0.046 at zero yaw and the extra rough floor increased the drag by a
further ∆CD = 0.011. These correlated with changes seen from smoothing the
underbody of a full scale production vehicle reported in literature. However probe
measurements show that viscous effects are starting to dominate the extra rough
floor results so this isn’t tested any further at this ground clearance.
• At the highest ground clearance the smooth floor results are within the experi-
mental error of the result obtained at h/H = 0.173 so results are no longer really
affected by ground effect. All floor types produce realistic drag changes at this
high ground clearance and probe measurements show flow travelling under the
model with the floor roughness thickening the model boundary layer.
• Time averaged pressure results show topologies different to literature. Conse-
quently testing was conducted at increased free-stream turbulence which reduced
the magnitude of the base pressures and also acted to change the topologies at
the lowest ground clearance so that the results closer matched previous data
such as Littlewood [76].
• The root mean square of the fluctuations of the pressure coefficients from the
mean at a single point in time showed that bi-stability was likely present on
all configurations except the extra rough floor at the highest ground clearance.
Changing the lower separation changes the levels of wake unsteadiness with a
particularly low result seen for a smooth floor model at a ground clearance of
h/H = 0.173.
• Time history of instantaneous pressure coefficient at the point of maximum RMS
level showed that all smooth and rough cases were subject to bi-stability and were
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generally biased towards the lower pressure case. As the extra rough floor showed
no bi-stability it was not included in this part of the analysis.
• Conditionally averaging the results created the ”high” and ”low” pressure topolo-
gies. Raising the smooth floor model out of ground effect was now seen to reduce
the pressures recorded in the ”high” condition. With a rough underbody there
was a similar strength and topology for both ground clearances, with a lower
pressure at the bottom of the base compared to the smooth floor topologies.
The ”low” pressure condition is far less affected by either the ground clearance
or the underbody roughness.
• When these conditions were averaged together a statistically balanced surface
pressure topology was created which represented the data when a perfectly sym-
metric number of samples in each condition was obtained in the total sample.
The topology is now similar to those previously reported in literature. Raising
the model out of ground effect increases the suction in the central base while
the roughened underbody causes pressure recovery towards the top trailing edge
suggesting a change in wake topology.
• The area weighted pressure coefficients for the statistically balanced surface pres-
sure show that the original results were under valued and that the data trends
are now altered. For example, with a smooth underbody at ground clearances
of h/H = 0.173 and h/H = 0.242 the difference in area weighted pressure coeffi-
cient is ∆CP = 0.002 which is close to experimental error and matches with the
balance results which saw a change of drag of ∆CD = 0.001 between these con-
figurations. In the original data the change in area weighted pressure coefficient
was ∆CP = 0.007 between the configurations.
• PIV along the vertical centreline shows increasing ground clearance strengthens
the lower shear layer which leads to a smaller lower recirculation and lowers the
free-stagnation point. Roughening the underbody has a similar effect.
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• The wake is most balanced for a smooth floor at a ground clearance of h/H =
0.173 which also shows the lowest levels of RMS on the base. Therefore the
interactions between the upper and lower shear layers is affecting the unsteadiness
of the wake structure and at the probability of a bi-stable switch.
• Overall the condition of the flow at the lower separation can control the magni-
tude and topology of the base pressure, as well as the unsteady characteristics
of the wake.
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Chapter 5
Rear End Modification Study
5.1 Introduction
The results of the previous studies have emphasised the importance of the upstream
flow conditions in controlling the base pressure and hence a large proportion of the
overall drag. In order to understand futher how the separation is affecting base pressure
the final study will investigate the application of a short top and bottom taper to the
rear trailing edge of a Windsor model.
This builds on previous work of Littlewood & Passmore [9] who applied a short taper
(with an aspect ratio of W/l = 8.66) to the top trailing edge of a Windsor model and
found that similar results could be obtained to Ahmed [24] who applied long tapers to
the rear trailing edge. Both studies demonstrated how the manipulation of the upper
separation and trajectory of the flow at separation can have a large influence on the
base pressure and reduce the total drag. Littlewood & Passmore achieved a 2.7%
reduction in drag with a 12o taper angle while only reducing the base area by 1.1%.
Building on the work of Littlewood, Grandemange et al. [52] has shown that through
the application of trailing edge flaps on an Ahmed body a change in the drag could
be affected. A key difference between the work of Grandemange et al. [52] and the
163
Chapter 5. Rear End Modification Study 5.2. Experimental Setup
results presented here is the lack of a base cavity when a trailing edge taper is applied
as opposed to a flap because a cavity without a taper produces some drag reduction so
in the work of Grandemange et al. there are two simultaneous effects. Grandemange
et al. recorded the lowest drag when the bottom trailing flap is set at 0o and the
top trailing edge flap is at 6o which is just half of the taper inclination reported by
Littlewood & Passmore [9]. This difference may be a consequence of the additional
influence of the cavity.
This study aims to understand how the shear layer interactions and wake topology
are affecting the base pressure when short tapers are applied to the top and bottom
trailing edges.
5.2 Experimental Setup
The experimental work was carried out using a Windsor model with a smooth model
underbody at a single ground clearance of h/H = 0.173 (50mm) and all tapered sur-
faces had an aspect ratio of W/l = 8.66 which is typical of a small rear end geometry
modification implemented on production vehicles such as SUVs, estates and light com-
mercial vehicles. The rear geometry of the model was designed so that the top and
bottom trailing edges could have the tapers applied independently, Figure 5.1a, such
that a full study of the interactions could be completed.
(a) Model Construction (b) Pressure tapping grid on model base
Figure 5.1: Model Structure for the Rear End Modification Testing
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The base of the model was populated with a grid of 72 pressure tappings over one half
of the base structure, and also a further 25 pressure tappings on the tapered surfaces,
Figure 5.1b. Taper angles of 0o, 6o, 12o, 16o and 20o were tested on both the top and
bottom trailing edges. These all have sharp edged transitions between the model sides
and the slant, and the slant and the base.
The tapers were applied asynchronously to create sweeps through each of the top edge
tapers for a given bottom edge taper resulting in twenty five configurations. Balance
measurements were taken for all configurations at 0o yaw, with selected cases chosen
for further analysis using surface pressures and PIV. The zero yaw balance data was
taken three times for 30s at a frequency of 100Hz each producing a time averaged
force or moment which were then averaged. Surface pressures were recorded for 31.5s
at a frequency of 260Hz.
PIV data was collected in the same planes as used in Chapter 4, which consisted of two
vertical streamwise planes at w/W = 0 and w/W = 0.26 and two horizontal streamwise
planes at h/H = 0.5 and h/H = 0.93. A sample of the inter-frame times are reported
in Table 5.1 and the corresponding calibration errors in Table 5.2. The taper angles
are referred to as XXTXXB where XXT is the top taper angle and XXB is the bottom
taper angle.
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Taper
Angles
w/W = 0 w/W = 0.26 h/H = 0.5 h/H = 0.93
00T00B 27µs 27µs 25µs 25µs
00T06B 28µs 30µs 30µs 32µs
00T20B 27µs 27µs 25µs 25µs
06T00B 28µs 30µs 30µs 32µs
12T00B 28µs 30µs 30µs 32µs
16T00B 27µs 27µs 25µs 25µs
20T00B 28µs 30µs 30µs 32µs
16T06B 27µs 27µs 25µs 25µs
Table 5.1: Inter-frame time used for a sample PIV set-ups
Ground
Clearance
w/W = 0 w/W = 0.26 h/H = 0.5 h/H = 0.93
00T00B 0.14494 0.20134 0.16932 0.14872
00T06B 0.23663 0.16978 0.19091 0.19941
00T20B 0.14494 0.20134 0.16932 0.14872
06T00B 0.23663 0.16978 0.19091 0.19941
12T00B 0.23663 0.16978 0.19091 0.19941
16T00B 0.14494 0.20134 0.16932 0.14872
20T00B 0.23663 0.16978 0.19091 0.19941
16T06B 0.14494 0.20134 0.16932 0.14872
Table 5.2: Error recorded during the calibration process - average deviation to
calibration marks measured in pixels - for a sample of PIV set-ups
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5.3 Results and Discussion
5.3.1 Balance Data
Figure 5.2 shows that the lowest drag result was obtained for a 16o top taper angle
and a 6o bottom taper with a drag reduction of ∆CD = −0.014 compared to the
baseline squareback configuration. Once the bottom taper angle is increased above
6o there is a pronounced increase in the drag for all configurations except for the 16o
top taper angle combined with a 12o bottom taper angle which shows a reduction of
∆CD = −0.003 compared to the 16o top taper angle with a 0o bottom angle.
The trends in the drag as a function of top angle are similar for each bottom angle with
the data essentially translating relative to the vertical axis rather than fundamentally
changing shape. The interaction between the top and bottom taper angles of the
model is most clearly seen in the moving local drag minimum for each sweep of top
angles.
Figure 5.2: Top slant angle vs Drag Coefficient for all bottom slant angles
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Considering only the 0o top taper angle results (the first point in each of the series
in Figure 5.2), the data shows that increasing the bottom taper angle increases the
drag coefficient. The results for the 0o and 6o bottom taper angles are very similar
and suggest that the drag optimum would occur with a small diffusing angle between
these configurations, allowing some pressure recovery to occur. For the results taken,
there is bound to be some pressure recovery over the taper, however this is offset by
some separation and therefore increases the drag of the 6o case to near that of the
baseline squareback. Previous work by Jowsey & Passmore [80], using a shortened
Ahmed geometry at ground clearance of h/H = 0.14 (the maximum tested), found
the lowest drag case to be that of the baseline squareback geometry, with all diffuser
angles increasing the drag.
Once a taper is applied to the top trailing edge, the 6o bottom taper gives a reduction
in drag for all top angles indicating that the upper and lower shear layers are now
interacting and there may well be base pressure recovery. The trend to the data then
shows that for a given top taper angle, increasing the bottom taper angle further results
in a drag increase. Therefore there must be something unique about the 6o bottom
taper angle and its effect on the wake structure that produces low drag results.
The lift results, Figure 5.3, show that as the top taper angle increases from the 0o
baseline case through to 16o there is a monotonic increase in the lift, giving a maximum
for the 16o top taper angle for all bottom taper angle geometries. For the 20o top
taper angle, there is a decrease in the lift for all bottom angles except 12o where the
result is constant with the 16o top taper angle. The decrease in lift for the 20o top
taper angle geometries suggests a complete flow separation from the upper slanted
surface.
Conversely, as the bottom taper angle is swept from the baseline 0o case through to
16o there is a monotonic decrease in the lift for all top angles until the 20o bottom
taper angle results in an increase in the lift. The increase in the lift for the 20o bottom
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taper angle geometry indicates flow separation from the diffuser and a loss in efficiency.
Figure 5.3: Top slant angle vs Lift Coefficient for all bottom slant angles
The lower taper angle is primarily included as a method of base pressure recovery
however the balance results demonstrate that even with its short length (4% of the
model length) it is acting as a typical rear-end underbody diffuser. In the literature a
number of diffuser studies are reported but use considerably longer slant lengths. Both
Cooper [77] and Jowsey & Passmore [80] used 25% diffusers with end plates and found
similar monotonic decreases in the lift. Cooper’s work has a maximum diffuser angle
of 15.6o which is also the minimum lift condition, while Jowsey & Passmore found a
lift minimum for the 16o diffuser, as seen here. When Jowsey & Passmore increased
the diffuser angle further, there was only a significant increase in the lift (reduction
in down-force) when the diffuser angle was 25o or greater. The increased slant length
of the diffuser used by Jowsey & Passmore will allow for a larger separated region
with reattachment still occurring within the slant length; therefore between 16o to 25o
diffuser angles the advantageous diffuser up-wash and pumping characteristics will still
be present, even though the diffuser efficiency is reducing.
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By plotting the drag and lift results against one-another, a parabolic relationship of
the form shown in Equation 5.1 can be seen, where k = 1.45, Figure 5.4. This is
developed from the work of Grandemange et al. [52] and the application of induced
drag coefficient theory by Howell & Le Good [81]. In Equation 5.1 the values of CD0
and CL0 refer to the values of the drag and lift coefficients for the minimum drag
condition; the value of k defines the gradient of the parabola.
CD = CD0 + k(CL − CL0)2 (5.1)
The k value generated for this work is 27% larger than that generated by Grandemange
et al.; and can be attributed to the lack of a cavity region near the base in the present
work. The flaps in Grandemange et al.’s work act to displace the separated flow away
from the near the wall region and leave a region of quiescent air next to the base. This
is well known ([48], [50], [53], [82]) to create an increase in the local base pressure,
and is often presented as a passive method for drag reduction on commercial vehicles.
In the work of Grandemange et al. changing the trailing flap angles will then act to
change the wake size and energy as well as the balance between the upper and lower
vortex structures and the interactions between these.
The parabolic curve fit shown in Figure 5.4 is known from the work of Howell & Le
Good [25] to define the vortex drag for the top angle surfaces, with some error due to
base pressure changes that are caused by downwash from the upper slant. Howell &
Le Good [81] showed that for a longer slant length on the same geometry, the actual
vortex component of the drag matched that predicted from wing theory relatively well.
This is not the case in this work where k = 1.45 is found against an expected value
of k = 0.24 for this high aspect ratio slant. This is attributed to the large base area
in comparison to that of the slant; the base drag therefore is more dominant in the
overall drag result.
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Figure 5.4: Drag vs Lift Coefficient for all bottom slant angles with parabolic data
fit curves of k = 1.45
Using the curve derived from Equation 5.1, an optimum drag and lift value can be
found for each fixed bottom taper angle; where the optimum is taken as the apex of
the parabola i.e. the minimum drag location. It should be noted that for each curve
shown in Figure 5.4, there is one data point which does not fall close to the parabola;
these are all results for the 20o top taper angle. It is suggested that, as seen in the
lift results, this is due to complete flow separation on the top surface resulting in a
modified wake structure and therefore a drag value that no longer follows the trend.
This data can also be collapsed on to a single parabola by normalising using the
optimum drag and lift conditions, (CD −CDopt) and (CL−CLopt), as shown in Figure
5.5; the parabola is again formed from Equation 5.1 with k = 1.45. The data for a 20o
top angle are seen away from the general trend and are highlighted by the pink circle.
However it is also interesting to note that the results for the 16o top angle (highlighted
in blue) show some discrepancy from the trend line; this indicates that the flow may
be starting to intermittently separate from the top taper leading to a result that isn’t
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quite off the trend line but also does not follow it as closely as previous results.
Figure 5.5: Data Reduction through normalisation of Drag vs Lift Coefficient with a
parabolic data fit of k = 1.45
5.3.2 Wake topology of the squareback configuration
To understand where the changes to these drag and lift values are coming from, several
configurations have been investigated using surface pressure measurements and PIV
planes in the wake. For clarity, the pressure results are presented using the same layout
for each configuration; a schematic of the layout is shown in Figure 5.6. Three views
are presented: a view of the base ”A”, a view looking down on the roof of the model
to view the top taper ”B” and a view looking up at the floor of the model to view the
bottom taper ”C”.
The surface pressure results of the baseline configuration, the squareback (Figure 5.7)
show a smaller region of low pressure than that seen in Chapter 4, when a statisti-
cally balanced pressure distribution is generated, Figure 4.15. There is also increased
pressure recovery from the sides of the model. This is likely due to the shorter data
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collection period which prevents the investigation of bi-stability as only a single mode
is captured in a data set, as well as a biased base pressure distribution. This data was
collected before the presence of bi-stability was known so the results presented here
show bias towards a single mode. However in light of the previous results presented,
it is possible to interpret with some degree of confidence the wake topology and its
effects on the base pressures through using the surface pressure and PIV measurements
(which were taken for a significantly longer time period) together. The pattern of the
contours indicates a steeper velocity gradient horizontally across the base than verti-
cally, indicating that there is a similarity in the near wall velocities of the upper and
lower lobes of the wake torus.
Figure 5.6: Schematic of the layout for the surface pressure results
(a) Base View (b) Top and Bottom View
Figure 5.7: Time Averaged Surface Pressure Results for the Squareback
Configuration
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There is a high pressure region seen over the roof just prior to separation, while on the
model underbody there is a region of low pressure towards the centre of the model,
indicating that there may be some interaction with the tunnel boundary layer leading
to early separation.
The four PIV fields for the squareback model in Figure 5.8, are a repeat experiment of
the same planes shown in Chapter 4 and show good repeatability. At w/W = 0, Figure
5.8a, the upper and lower lobes of the torus are nearly balanced with the impingement
occurring on the base near the mid-height. The free stagnation point is located at
x/L = 0.43 behind the model base and is angled down at just 2.8o below the mid-
base height. It would be expected that near the impingement zone a region of higher
pressure would be recorded in the base pressures however this was not seen. There
is a region of higher velocity recorded in the mid wake region where there is a large
amount of interaction between the inner walls of the torus ring. The even balancing of
the two lobes of the torus and the constant velocity magnitude near the base matches
well with the even pressure values seen down the vertical centreline.
The horizontal mid-plane, Figure 5.8b, shows an asymmetric streamline pattern, as
seen in Figure 4.17 again indicating the presence of bi-stability within the wake. Im-
pingement is biased to the right hand side of the model with a low velocity area, with
higher velocity recorded on either side. There is an increased velocity region in the
centre of the wake and now a slowing of the flow within the wake structure towards
the model edges can be seen in the velocity contours.
The w/W = 0.26 plane, Figure 5.8c, shows that the wake is highly three-dimensional at
this location with a single source point near the base where flow is entering this plane
from the bulk motion of the wake; this flow then travels back into the bulk motion
of the wake at one of the two sink points. There is no longer a high velocity region
where the walls of the torus interact, indicating that when inside a torus lobe, lower
velocities are measured promoting base pressure recovery towards the model edges.
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(a) w/W = 0 (b) h/H = 0.5
(c) w/W = 0.26 (d) h/H = 0.93
Figure 5.8: Planar PIV planes for the squareback Windsor Model
The upper horizontal plane, Figure 5.8d, again shows an asymmetric streamline pattern
as the source point is off-centre. Here flow is travelling up from the bulk motion of
the wake and is being carried away by the upper shear layer to convect flow out of
the recirculating structure, or it follows the bounds of the upper shear layer until it is
re-entrained near the free-stagnation point. The asymmetry of the wake is seen far
downstream in the velocity magnitude contours and this indicates that the bi-stability
is not just a lateral wake motion but is a twisting of the overall wake structure.
The presence of bi-stability has previously been shown in the temporal coefficient
of the first mode of a Proper Orthogonal Decomposition in Chapter 4, however by
reconstructing the instantaneous velocity fields with only the higher energy modes then
it can also be visualised. In Figure 5.9 the 50 most energetic modes have been used to
reconstruct the instantaneous fields on the horizontal mid-plane, and this equates to
approximately 50% of the turbulent kinetic energy contained within the field. This is
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a low proportion of the total energy however the bi-stable motion is contained in the
first mode and contains ≈ 15% of the overall turbulent kinetic energy.
Two distinctive states become apparent: a ”left” and ”right” mode. The temporal
coefficient of the first mode (known to contain this distinctive ”switching” motion),
Figure 5.9c, shows the dominance of the ”right” bias to the wake, Figure 5.9a. This
dominance leads to the asymmetric time averaged flow field seen in Figure 5.8b however
the long time seen in each phase means that collection of PIV data for the time scales
required for a symmetric mean wake is not realistic.
(a) “Right” bias to the wake (b) “Left” bias to the wake
(c) Temporal coefficient for the first
decomposed mode showing switching
between two states
Figure 5.9: POD Analysis on the horizontal centreline (h/H = 0.5)
It can be seen from the these two modes that when the wake is in the ”left” mode
the untapped side of the base will experience a low pressure region, while the tapped
half will see a higher pressure with impingement occurring near the side of the base
and therefore showing a strong horizontal pressure gradient. The temporal coefficient
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also shows that a single mode may be sustained for as long as 27s (approximately 200
images), which would result in the the biased base pressure results seen in Figure 5.7.
POD analysis of the vertical centreline plane does not demonstrate any bi-stability in
the temporal coefficient of the first five Eigen modes; instead a pumping mode such as
that described by Duell & George [12] is seen in the eigenvalue field of the first mode,
again corroborating the work of Volpe et al. [23] on the Ahmed model. However, for
this pumping mode to be captured fully a higher speed PIV system would be required
to accurately measure the flow topology changing at Strouhal values of StH = 0.069.
To confirm the three-dimensional nature of this wake bi-stability, POD analysis on the
plane w/W = 0.26 was conducted, Figure 5.10. The probability of switching between
the two states - seen in the temporal coefficient, Figure 5.10c - appears increased
compared to the horizontal mid-plane. However as this phenomenon has been proved
random by Volpe et al. [23] and there are insufficient switches recorded here for a
statistical analysis to be performed, it is not possible to say if the flow does actually
change condition any more rapidly at the periphery of the wake volume. What can
be seen is that the wake switches between a ”closed” condition which correlates to
the ”left” condition (Figure 5.9b) where the majority of the wake motion is on the
opposite side of the model to this measurement plane and therefore at w/W = 0.26
most of the flow is travelling around the outer wall of the wake torus and is being
convected towards the free stagnation point. However when the wake is in an ”open”
condition, Figure 5.10b, the flow is biased towards this side of the model, a ”left”
condition, and therefore the upper and lower recirculation regions of the wake torus
can be seen in the velocity field.
This domination of a single state could be indicative of a model at up to ±0.5o yaw
(Volpe et al. [23]) where bi-stability will still be present but one mode will be more
dominant. However the model was unable to be yawed during the PIV experiments
as it was fixed slightly forward of the disc directly to the tunnel floor so that better
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optical access could be obtained.
(a) “Left” bias to the wake, closed wake
structure (Frame 38)
(b) “Right” bias to the wake, open wake
structure (Frame 161)
(c) Temporal coefficient for the first
decomposed mode showing switching
between two states
Figure 5.10: POD Analysis on the off-centre vertical plane (w/W = 0.26)
5.3.3 Changes to the Wake Topology as the Top Taper Angle
is increased
Now that the baseline case is understood, the top taper angle will be varied whilst the
bottom angle remains fixed at 0o. The surface pressure measurements, Figures 5.11,
5.12, 5.13 and 5.14, show that as there is an increase in the amount of downwash
from the upper tapered surface there is an increase in the base pressure. The most
significant change to the base pressure is seen between the 0o case (Figure 5.7) and
the 6o case (Figure 5.11), which corresponds to the greatest change in drag coefficient,
∆CD = −0.009, and an increase in the lift coefficient of ∆CL = 0.075. The pressure
on the top taper shows a significant reduction compared to the baseline generating the
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large increase in lift, while the underbody flow sees some pressure recovery towards
the model centreline. This may well be because there has been a shift in the front
stagnation point and therefore the mass flow under the model body has been altered.
(a) Base View (b) Top and Bottom View
Figure 5.11: Time Averaged Surface Pressure Results for a 6o top taper with a 0o
bottom taper
(a) Base View (b) Top and Bottom View
Figure 5.12: Time Averaged Surface Pressure Results for a 12o top taper with a 0o
bottom taper
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(a) Base View (b) Top and Bottom View
Figure 5.13: Time Averaged Surface Pressure Results for a 16o top taper with a 0o
bottom taper
(a) Base View (b) Top and Bottom View
Figure 5.14: Time Averaged Surface Pressure Results for a 20o top taper with a 0o
bottom taper
As the top taper angle increases further (Figures 5.12 and 5.13) the base pressure
continues to increase, however this does not result in a drag reduction because of the
increasing drag contribution from the slanted surface up until the maximum lift of
the 16o top taper angle. The suction on the slanted surface continues to strengthen
producing the increasing lift coefficient, with a small amount of pressure recovery
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occurring towards the trailing edge of the taper. For the 12o case there is likely a
small separation bubble at the leading edge of the slant, shown by the suction region,
however the pressure recovery over the remaining slant indicates reattachment. It is
hypothesised that for the 16o case the flow topology is unsteady with intermittent
separation and reattachment such as that seen for the critical 30o long slant angle on
the Ahmed model [24] resulting in both a high and low drag case.
For the 20o case there is a rapid increase in the drag of ∆CD = 0.020 from the
previous configuration and decrease in the lift of ∆CL = −0.044. The drag increase
is clearly seen through the increased suction over the base whilst the drag from the
slanted surface is also still increasing. The reduction in lift is not clearly seen through
the pressure on the upper taper indicating that there may well be separation that is not
captured by the limited number of tappings possible on the tapered surface. However
the lower pressure does extend out to the side of the taper indicating the presence
of longitudinal vortices. These generally induce a local downwash over the slant and
encourage the reattachment of the flow (Howell & Le Good [25] and Howell & Le Good
[81]). Due to the high aspect ratio over which they can be generated in this work, the
vortices will be weaker than in a traditional hatchback flow field and the influence of
these structures will be localised. Consequently the flow in the central region of the
taper is unaffected and will remain fully separated. This has previously been thought to
return the wake inlet conditions to similar to the baseline squareback configuration but
with increased levels of turbulence ([24], [83]). However the base pressure distribution
indicates that the wake structure is not similar in topology to the squareback case at
all, but instead the downwash induced from the top taper is resulting in a torus with
far higher wall velocities, giving greater suction over the base region.
The model underbody shows increasing pressures just prior to separation as the top
taper is increased from 0o to 16o. However when a 20o top taper is in place, the model
underbody shows a significantly reduced pressure. All of this goes to demonstrate that
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the flow conditions under the model and the state of the lower shear layer are being
affected by the presence of the top edge taper.
If this data is reduced to the area weighted pressure coefficient (by assuming a sym-
metric flow distribution over the base area) using Equation 2.7, and if the fore-body
pressure and skin friction drag are assumed to be all that remains when the rear end
surface drag is accounted for, then the contributions to drag can be plotted (Figure
5.15) for variation in top slant angle. There will be some error in this analysis due to
the drag of the supporting struts and exposed measurement equipment. As the top
taper angle is increased, there is a linearly increasing drag contribution from the slanted
surfaces. With the base pressure drag contribution isolated it can now be observed
that the base drag for a 16o top angle is lower than that of a 6o, but because of the
increased slanted surface contribution, the resulting overall drag force is near constant.
As the taper angle is increased, there are slight changes to the contribution from the
fore-body and skin friction, most notably reduced for a 20o top angle whilst the base
drag contribution is markedly higher.
Figure 5.15: Decomposition of drag contributions for a sweep of top angles for a
fixed 0o bottom angle
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These results correlate well with those of Littlewood & Passmore [9] and clearly demon-
strate that with only a small rear end taper, some of the advantageous wake charac-
teristics of a hatchback geometry can be captured, whilst maintaining the design char-
acteristics of a squareback geometry. However the increase in model ground clearance
from h/H = 0.104 (in the work of Littlewood & Passmore [9]) to h/H = 0.173 (in the
current work) affects the minimum drag configuration.
Now considering the far field wake topology, in the vertical centreline plane (Figure
5.16) when a 6o top taper angle is introduced there is a dominance of the upper
vortex lobe and the vortex cores are no longer in line with each other, effectively tilting
the upper wake backwards away from the base surface of the model, as described
by Littlewood & Passmore [9]. The free stagnation point is consequently lowered to
14.6o below the mid-base height and it is also located closer to the model base with
the wake length reducing by ∆l/L = 0.03 compared to the squareback case. This
results in the flow impinging on the base at a large angle of 13o and also high up
on the base structure. There is now a small region of impingement with flow above
and below this point showing increased speeds, corresponding well with the pressure
contour plots which shows a region of higher pressure at the above mid-height of the
base with lower pressure above and below.
Increasing the top taper angle results in a larger amount of downwash and an increasing
dominance of the upper recirculation region, with a 12o top taper further reducing the
height of the free stagnation point and shortening the overall wake structure, Table
5.3.
The 16o top angle produces the maximum lift of all the configurations tested. The
strong downwash is indicative of an attached flow on the slant however the free stag-
nation point is heightened compared to a 12o top taper and this would indicate at least
partial separation from the taper. However when the taper angle is increased to 20o the
free stagnation point is again lowered when the slant is fully separated. Throughout
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this sweep the wake length continues to decrease showing that drag reduction is not
simply associated with wake length reduction.
(a) 6o top taper, 0o bottom taper (b) 12o top taper, 0o bottom taper
(c) 16o top taper, 0o bottom taper (d) 20o top taper, 0o bottom taper
Figure 5.16: PIV fields on the vertical centreline (w/W = 0) for top angle sweeps
Top Angle θostag θ
o
base Wake Length x/L
0o −2.8o 0.911o 0.431
6o −14.6o 13.0o 0.400
12o −16.2o 11.0o 0.376
16o −13.9o −6.71o 0.352
20o −17.2o 15.4o 0.342
Table 5.3: Movement of the free stagnation point and changing base flow
impingement angle as top taper angle is increased for a fixed bottom taper of 0o
The influence of this increasing downwash can be seen in the horizontal planes at
h/H = 0.5, Figure 5.17, and h/H = 0.93, Figure 5.18. Firstly at h/H = 0.5 the two lobes
of the torus are being squashed up against the base as the increased downwash forces
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the wake closer to the base. This effect is more pronounced near the edges of the model,
and this can be understood by considering the results at h/H = 0.93, Figure 5.18. In
this upper plane, the development of longitudinal trailing vortices, similar to those seen
on hatchback vehicle geometries, are seen to increase in size and strength as the top
taper angle becomes more severe. Even at the small taper angle of 6o these structures
are clearly developed in the velocity magnitude contours, Figure 5.18a. These vortices
are made up of many smaller vortices that have undergone pairing (Sims-Williams et
al. [31]), and will continue to do so as they travel downstream becoming larger until
they can affect the shape of the wake torus and deform the structures seen in the
horizontal mid-plane. These structures will also move inwards and downwards as they
are convected downstream compounding the torus deformation. This effect is most
visible in Figure 5.17d where only a small width either side of the free stagnation point
is unaffected by these trailing vortices.
(a) 6o top taper, 0o bottom taper (b) 12o top taper, 0o bottom taper
(c) 16o top taper, 0o bottom taper (d) 20o top taper, 0o bottom taper
Figure 5.17: PIV fields on the horizontal mid-plane (h/H = 0.5) for top angle sweeps
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(a) 6o top taper, 0o bottom taper (b) 12o top taper, 0o bottom taper
(c) 16o top taper, 0o bottom taper (d) 20o top taper, 0o bottom taper
Figure 5.18: PIV fields on the horizontal mid-plane (h/H = 0.93) for top angle
sweeps
The maximum lift configuration (CL = 0.06), 16
o top taper angle with 0o bottom
taper angle, is investigated over the four planes of PIV that were collected, Figure
5.19. With both the horizontal and vertical mid-planes superimposed, Figure 5.19a,
the interaction between the inner walls of the torus can be seen as the region of higher
speed flow. The off centre vertical plane, Figure 5.19c, shows the deformation of the
upper recirculating zone due to the presence of the longitudinal vortices, while the
lower lobe of the torus shows a clear recirculation. It is interpreted that this indicates
significant through plane motion in the upper lobe of the torus, while the lower lobe
of the torus is still mostly captured in through plane motion changing the torus shape
from less of a doughnut form to more of a pear shape.
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(a) h/H = 0.67 and w/W = 0 (b) h/H = 0.5
(c) w/W = 0.26 (d) h/H = 0.93
Figure 5.19: PIV data for the 16o top taper, 0o bottom taper configuration,
maximum lift
When POD analysis is conducted on the horizontal plane mid-plane, Figure 5.20, a
“left” and “right” mode are captured as with the squareback configuration. However
the temporal coefficient of the first mode shows that the switch is now far more
probable, reducing tswitch enough that sufficient switches are obtained in the 134s of
data capture to result in a symmetric time averaged velocity field. This reduction in
tswitch is also seen for the upper horizontal and off centre vertical planes.
To ensure that the trends hold when upwash is introduced, a sweep of top taper angles
was conducted for a fixed bottom taper angle of 12o. It is expected that the longitudinal
vortices seen from the top taper will also be present on the bottom tapered surface,
however limitations in the optical access prevented PIV data from being collected this
close to the ground. The ground effect will reduce the strength of any longitudinal
vortices and the lower slant angle will promote interactions between the underbody
flow and the tunnel boundary layer.
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(a) “Left” bias to the wake (Frame 452) (b) “Right” bias to the wake (Frame
358)
(c) Temporal coefficient for the first
decomposed mode showing switching
between two states
Figure 5.20: POD Analysis on the horizontal centreline (h/H = 0.67) for 16o top
taper angle, 0o bottom taper angle
The surface pressure measurements (Figures 5.21 to 5.25) show recovery over the
short ”diffuser” length while the resulting upwash creates a seemingly different surface
pressure pattern with higher pressure occurring in the upper base and the lower pressure
being held near the diffuser. The dominant pressure gradient is now in the vertical
plane and the contour plots are now closer to the statistically balanced pressure fields
presented in Chapter 4, indicating that the time in each bi-stable state has been
significantly reduced or bi-stability is no longer present in the wake.
For a 12o bottom angle with a 0o top taper angle (Figure 5.21), there is a large suction
region over the bottom taper with a comparatively high pressure over the flat roof;
this reduces lift compared to the baseline squareback case. As the top taper angle is
increased (Figures 5.22, 5.23, 5.24) there is increased pressure recovery seen in the
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central upper base region and the suction zone in the lower base is weakened. When
the top angle is at 20o (Figure 5.25), there is no longer the break in flow topology seen
for the 0o bottom taper angle, with the flow instead returning to a lower pressure case
with the same general footprint on the base showing that the interaction of the shear
layers in the far wake is affecting the base pressure.
(a) Base View (b) Top and Bottom View
Figure 5.21: Time Averaged Surface Pressure Results for a 0o top taper with a 12o
bottom taper
(a) Base View (b) Top and Bottom View
Figure 5.22: Time Averaged Surface Pressure Results for a 6o top taper with a 12o
bottom taper
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(a) Base View (b) Top and Bottom View
Figure 5.23: Time Averaged Surface Pressure Results for a 12o top taper with a 12o
bottom taper
(a) Base View (b) Top and Bottom View
Figure 5.24: Time Averaged Surface Pressure Results for a 16o top taper with a 12o
bottom taper
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(a) Base View (b) Top and Bottom View
Figure 5.25: Time Averaged Surface Pressure Results for a 20o top taper with a 12o
bottom taper
The amount of pressure recovery over the short diffuser length is changed as the
top taper angle is increased, showing that the relative contribution of upwash and
downwash may well be having an effect on the front stagnation zone and the flow
around the whole model. The interaction of the two shear layers is also changing the
pressure recovery on the lower portion of the base, where there is increased pressure
over the bottom row of tappings as the top taper angle is increased.
Considering the vertical centreline PIV, the low pressure seen over the lower portion
of the base can be explained by the presence of the large lower recirculating region
caused by the considerable upwash of the 12o bottom taper. The impingement is now
high up on the base resulting in the upper recirculation structure being isolated from
the base itself and therefore, for the 0o top angle case, having little influence on the
base drag creating the small amount of pressure recovery seen towards the upper base.
The velocity field data presented in Figure 5.26 show that for all configurations in the
sweep, the upwash from the diffuser dominates the topology resulting in a large lower
recirculation region giving the low pressure region in the lower portion of the base.
This is the case even when a large downwash is created from the 20o top taper angle,
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and consequently there is no configuration where the torus lobes become balanced.
Consequently all the free stagnation points are located above the mid-base height,
Table 5.4, but are pushed down closer to the mid base height as the top taper angle is
increased up to an angle of 16o. When the 20o top angle is applied the separation on
the top taper results in the free stagnation point rising again. Throughout all of these
velocity fields the distance to the free stagnation point remains within ∆l/L = 0.05
which is half of that seen for the 0o bottom angle sweep. The increasing downwash
from larger top taper angles moves the flow impingement lower on the base, which
results in low wall velocities in the upper base providing the pressure recovery up to
the top trailing edge seen in the pressure results.
In the far field of the wake there is some separation from the tunnel floor, where the
fast diffuser flow is pulling the tunnel boundary layer flow away from the floor and up
towards the free stagnation point of the model wake. This will have some effect on
the wake structure and is clearly not representative of a real world scenario, however
due to the fundamental nature of this study it is a point of observation and its effect
has not been investigated.
Top Angle θostag θ
o
base Wake Length x/L
0o 16.5o 18.7o 0.330
6o 11.4o 16.2o 0.331
12o 9.1o 15.0o 0.312
16o 7.8o 13.2o 0.305
20o 11.2o 18.7o 0.284
Table 5.4: Movement of the free stagnation point and changing base flow
impingement angle as top taper angle is increased for a fixed bottom taper of 12o
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(a) 0o top taper, 12o bottom taper
(b) 6o top taper, 12o bottom taper (c) 12o top taper, 12o bottom taper
(d) 16o top taper, 12o bottom taper (e) 20o top taper, 12o bottom taper
Figure 5.26: PIV fields on the vertical centreline (w/W = 0) for top angle sweeps
with a fixed 12o bottom taper
5.3.4 Changes to the Wake Topology as the Bottom Taper
Angle is increased
If we now consider the how the wake is affected by increasing the bottom taper angle
while the top taper angle is fixed, ground effect on the taper angle can be investigated.
Looking at the surface pressures (Figures 5.27 to 5.30), as the lower taper angle is
introduced a large suction region develops on the lower base with pressure increasing
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towards the upper base. This suction region increases in strength as the lower taper
angle increases to 16o outweighing the pressure recovery at the top of the base and
increasing the base drag. At 20o the suction region expands up to cover the whole
base resulting in lower pressure at the upper base and the highest drag is recorded.
(a) Base View (b) Top and Bottom View
Figure 5.27: Time Averaged Surface Pressure Results for a 0o top taper with a 6o
bottom taper
(a) Base View (b) Top and Bottom View
Figure 5.28: Time Averaged Surface Pressure Results for a 0o top taper with a 12o
bottom taper
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(a) Base View (b) Top and Bottom View
Figure 5.29: Time Averaged Surface Pressure Results for a 0o top taper with a 16o
bottom taper
(a) Base View (b) Top and Bottom View
Figure 5.30: Time Averaged Surface Pressure Results for a 0o top taper with a 20o
bottom taper
For the smallest bottom taper angle of 6o (Figure 5.27) a clear pressure recovery is
seen along its length, however for all other bottom taper angles it is not possible to
see the pressure recovery due to the restricted area which the pressure tappings cover
so little can be deduced about the changes to the underbody flow.
Over the roof there are small changes to the pressures due to the moving front stag-
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nation zone and the changing flow distribution around the model. The roof pressure
increases up to a 16o bottom angle before showing a small reduction with a 20o bottom
angle. This indicates that the modifications to the lower shear layer are affecting the
upper shear layer and this in turn is altering the flow conditions at the final separation
point.
If the vertical centreline PIV planes are now examined then the changing strength of
the upwash and resulting wake topology can be investigated, Figure 5.31. The 6o
bottom taper, Figure 5.31a, shows very little upwash and there is a dominance to the
upper core as with the squareback case. Once the bottom taper angle is increased to
12o (Figure 5.31b) the upwash becomes the dominant feature of the wake topology
and consequently the free stagnation point shifts to 16.5o above the mid-base and the
high speed region where the inner walls of the torus interact also follows this trend.
There is a significant increase in the velocity magnitude of the flow exiting the model
underbody, however this increased momentum is not transferred into the bulk of the
wake where the near wall velocities are similar to the 6o bottom taper configuration. In
the far wake the upwash from the 12o bottom taper is now strong enough to separate
the tunnel boundary layer from the tunnel floor.
Bottom Angle θostag θ
o
base Wake Length x/L
0o −2.8o 0.911o 0.431
6o 4.1o 8.62o 0.410
12o 16.5o 18.7o 0.330
16o 17.6o 17.1o 0.314
20o 13.2o 15.6o 0.338
Table 5.5: Movement of the free stagnation point and changing base flow
impingement angle as bottom taper angle is increased for a fixed top taper of 0o
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(a) 0o top taper, 6o bottom taper (b) 0o top taper, 12o bottom taper
(c) 0o top taper, 16o bottom taper (d) 0o top taper, 20o bottom taper
Figure 5.31: PIV fields on the vertical centreline (w/W = 0) for top and bottom
angle sweeps
The minimum lift configuration (CL = −0.37), 0o top taper angle combined with a 16o
bottom angle, shows a similar wake topology to 12o bottom angle case. The strong
upwash from the large bottom angle moves the stagnation point above the mid-base
height (Figure 5.31c) to its highest point of the sweep with impingement occurring
near the top of the base. The large lower vortex holds the weaker upper vortex high
up so that the upper shear layer travels out nearly horizontal from separation at the
base. Faster flow speeds are seen within the wake and higher near wall velocities are
recorded compared to the previous configurations, resulting in the increasing suction
in the lower base region. The upper and lower shear layers also now show a marked
difference in speeds near the free stagnation point.
The 20o bottom angle case (Figure 5.31d) shows a similar topology to all previous PIV
planes although there is now some separation over the bottom taper - this is seen both
in the balance measurements as an increase in the lift as well as a drop in the free
197
Chapter 5. Rear End Modification Study 5.3. Results and Discussion
stagnation point. As the upwash is weaker the velocity magnitudes in the upper and
lower shear layers are closer matched however the near wall velocities are higher than
those seen for the 16o bottom angle.
Examining the minimum lift condition in further detail, Figure 5.32, in the horizontal
mid-plane, Figure 5.32b, the two lobes of the torus are balanced and show impingement
on the centreline of the base. It is apparent that the torus is being deformed similarly
to when longitudinal vortices were present from the top taper. Therefore, although
optical access was not possible low on the base and the presence of ground effect,
this is evidence of longitudinal vortices emanating from the bottom taper. When the
vertical centreline and horizontal mid-base plane are viewed together, Figure 5.32a,
the interaction between the inner walls of the torus becomes apparent and the reader
may interpret the path of the longitudinal vortices as they travel downstream from the
model underbody.
(a) h/H = 0.67 and w/W = 0 (b) h/H = 0.5
(c) w/W = 0.26 (d) h/H = 0.93
Figure 5.32: PIV data for the 0o top taper, 16o bottom taper configuration,
minimum lift
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Away from the vertical centreline, Figure 5.32c, there is now less upwash coming from
the diffuser and the wake appears more balanced. This lowers the stagnation point and
as the upper shear layer is dominant, flow travels away from the free stagnation point
towards the tunnel floor (opposite to that seen at the vertical centreline). The quasi-
two-dimensional vortex cores seen are very different to the three-dimensional source
and sinks seen in the squareback case and also more balanced than the deformed upper
recirculation region seen for the maximum lift configuration (16o top taper, 0o bottom
taper). Therefore the upwash is encouraging the quasi-two-dimensional nature over
a larger portion of the wake, and while the torus shape will be deformed from the
traditional doughnut ring, it will not be pear shaped by the longitudinal vortices as in
the maximum lift case.
In the upper horizontal plane, Figure 5.32d, the velocities are far lower than those seen
for the maximum lift condition. This is attributed to the increase in height of the
upper recirculation region meaning that it is the recirculation that is captured in the
plane rather than the upper shear layer as seen before.
POD analysis shows no evidence of bi-stability in any of the PIV data planes indicating
that the interactions and relative strengths of the upper and lower shear layers define
the conditions to allow the bi-stable mechanism to occur.
5.3.5 Wake topology of the minimum drag configuration
The minimum drag result is obtained with a 16o top angle and 6o bottom angle where
the surface pressures (Figure 5.33) show well balanced pressure over the whole base
height and width, with only a very small region of pressure at CP ≈ −0.16. The
pressure distribution on the top taper indicates that flow is reattaching over the slant
length and shows a stronger suction than on the bottom taper angle.
The vertical centreline PIV field, Figure 5.34, shows that the wake structure has only
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a slight dominance to the upper recirculation region, with impingement occurring at
just below mid base height. However the free stagnation point is also above mid-base
height indicating that the upwash from a 6o bottom taper angle is stronger than the
downwash from a 16o top angle. The free stagnation point is located at θstag = 2.7
o
above the mid-base height at a length of l/L = 0.33 from the base. As the impingement
occurs on the base at near mid-height and the strengths of the two shear layers are
similar, the near wall velocities above and below the impingement appear constant.
(a) Base View (b) Top and Bottom View
Figure 5.33: Time Averaged Surface Pressure Results for a 16o top taper with a 6o
bottom taper
Considering the horizontal mid-plane, Figure 5.34b the lobes of the torus have been
deformed to the teardrop shape seen in both the top taper and bottom taper sweeps.
However there are now two pairs of longitudinal vortices deforming this wake structure
although the upper pair will be significantly stronger. The velocity gradient across the
base is steeper than that seen vertically down the base at the centreline, corresponding
well with the base pressures. Compared to the baseline squareback case the flow inside
the wake structure is now travelling faster and this high speed region is over a larger
volume of the inner wake, however this increased speed does not impinge on the base.
Figure 5.34c shows that in the off centre vertical plane there are two recirculation
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regions which are well balanced and the balance between the two shear layers is now
maintained across the model width as the flow exits the free stagnation point at a
similar direction to on the vertical centreline. This is similar to the minimum lift
condition seen previously demonstrating that the quasi-two-dimensional nature of the
wake has once again been expanded across the width of the base.
(a) w/W = 0 (b) h/H = 0.5
(c) w/W = 0.26 (d) h/H = 0.93
Figure 5.34: PIV data for the 16o top taper, 6o bottom taper configuration,
minimum drag
5.3.6 Further Analysis
Through this analysis there was no clear link between the wake topology and the result-
ing change in base drag as both free stagnation height and length to stagnation point
showed no correlation. The longest wake was obtained for the squareback configuration
whilst the shortest wake structure was also the case with the highest drag (20o top and
and 20o bottom angle). The area of wake recirculation on the vertical centreline was
calculated and then this was used to calculate the kinetic energy contained within this
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region. Several assumptions had to be made for this analysis including: each vector in
the PIV field was acting on a mass of air at standard density (ρ = 1.225kgm−3) and
the volume over which the vector is acting is equal to the size of the final processing
window with a 2mm thickness of the laser sheet. This total kinetic energy value was
then normalised using the wake area over which it is acting, resulting in a measure of
Jm−2.
No clear trend was seen to the data when using the plane at w/W = 0 and it is
recognised that due to the highly three-dimensional nature of the flow this analysis
would be better performed over a wake volume obtained through a technique such as
tomographic PIV or unsteady CFD simulations, however it was important to establish
that there was no connection between wake size or energy and the drag or base drag
values using the data obtained in this study.
5.4 Summary
• There is a strong interaction between the upwash from the vehicle underbody
and downwash from the vehicle roof, and through the manipulation of these the
wake topology can be changed in all dimensions.
• Increasing the downwash, by applying a taper to the top trailing edge, results
in a dominance of the upper lobe of the torus and trailing vortices from the C-
pillars. All of this works to distort the torus shape, giving “teardrop” shaped side
lobes of the torus and a lower surface pressure in the upper region of the base.
This initially lowers the base drag contribution until there is a sudden increase in
the base drag for a 20o top angle where the flow separates from the taper and
changes the wake topology.
• Increasing the upwash, by applying a taper to the bottom trailing edge, works
much like a diffuser despite the short taper length. This leads to a dominance
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of the lower lobe of the torus and again distorts the side lobes of the torus into
a “teardrop” shape. For a given taper angle there is a stronger upwash induced
due to the ground effect of the wind tunnel model.
• The lowest drag case is for a 16o top taper and 6o bottom taper, which gives the
most balanced wake structure after the squareback. The wake has been slightly
shortened compared to the squareback from x/L = 0.43 to x/L = 0.33 however
it is not the shortest wake of the configurations tested.
• Further investigation was conducted into the relationship between wake size
and drag by considering the area of the wake in the vertical centreline plane
however no relationship was found. The kinetic energy contained within the
recirculation region, with and without normalisation using the wake area, was
calculated but there was still no direct relationship with drag. It is suggested
that this calculation would be better performed using tomographic PIV so that
the volume of the recirculation region can be used.
• Bi-stability is seen in the horizontal mid-plane and upper plane of the squareback
configuration. As the top taper angle is increased the probability of a switch
between the two states of bi-stability is increased and therefore the average
value of tswitch is reduced. Bi-stability can also be seen in the off-centre vertical
plane indicating that it is a whole torus twisting motion as presented by Volpe
et al. [23].
• Bi-stability is not seen in the horizontal mid-plane when there is a strong upwash
as the PIV plane is no longer located at or near the location of all the torus
walls interacting, characterised by a region of high velocity in the wake region. If
the horizontal PIV plane could be moved to this location it is hypothesised that
bi-stability would be present.
• With a strong upwash present, it is also likely that tswitch is reduced such that
a higher speed PIV system would be required to properly capture this motion.
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A higher speed system would also help isolate the pumping motion identified by
Duell & George [12], although indications of this have been seen in the POD
analysis of the vertical centreline plane of the squareback configuration.
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Conclusions
Work was conducted on a One-Box geometry where front end shape modifications were
applied to change the boundary layer over the model. This was achieved by using four
different front end radii of 40mm, 60mm, 80mm and 100mm. The effect of ground
clearance of the model was also investigated by testing these radii at five different
ground clearances. Before testing, probe measurements of the boundary layers over
the model were made and it was seen that between the 40mm and 100mm front
radius there was a reduction in boundary layer thickness from δ∗ = 4.20mm for a
40mm front radius to δ∗ = 1.00mm for a 100mm radius at 100mm downstream from
the model face.
• When the model was moved out of ground effect it became more sensitive to
drag and most of this drag change was seen in the base pressures of the model.
As the model was lowered into ground effect, only small changes were seen in
the base pressures and these were often counter-acting an overall drag reduction
indicating that most of the drag change is coming from the fore-body and skin
friction.
• The thinner the boundary layer over the model at a fixed ground clearance, the
more distributed the suction over the base. The PIV fields showed that there
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was increased interaction between the upper and lower shear layer as the lower
shear layer increased in strength and the unsteadiness of the wake was increased.
• Bi-stability was present in the results with large radii at high ground clearances,
suggesting that this phenomenon can be triggered by small modifications to the
boundary layer upstream of the final separation.
This thesis then went on to explore the flow topology around a simple vehicle geometry,
the Windsor model, and modified the lower separation through the application of
underbody roughness. This was done using roughness strips (as had previously been
shown to produce realistic drag changes by Howell & Goodwin [78]) at two different
thicknesses and ground clearance was varied to study the influence of ground effect.
This work was the first experimental study conducted during this thesis, and at this time
the presence of bi-stability was not known. As such the base pressure was assumed to
be symmetric across the base and consequently only half of the base contained pressure
taps so that the density of tappings was higher and the pressure gradients across the
base could be better resolved.
• Although the pressure measurements were recorded for ≈ 157s this was not
sufficiently long enough for a true mean pressure field to be generated and the
topologies generated did not match those presented previously in literature. In-
stead the results were found to be bi-stable at the point of maximum RMS of the
pressure fluctuations from the mean value and the results showed a bias towards
the lower pressure condition over the measurement period. By conditionally av-
eraging the pressures the bi-stable modes can be inferred and the ”high” and
”low” pressure conditions can be extracted. These conditions were then aver-
aged together to form a statistically balanced pressure field which represents the
pressure field that would be generated if the data was sampled for a sufficient
amount of time that the number of samples in each condition was equal.
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• The statistically balanced mean pressure field matched the topology of those pre-
sented previously in literature and, depending on the configuration, a difference
in the area weighted base pressure of up to ∆CP = 0.015 was seen. Therefore
bi-stability can have a large affect on the interpretation of pressure results if
insufficient data is captured or the effect over the full base is not considered.
• Bi-stability is more clearly seen on the Windsor model where time in each state is
longer and therefore the states are more clearly defined compared to the One-Box
model.
• By disturbing the lower separation there was an increase in the unsteadiness
of the wake when the upper and lower shear layer were unbalanced and large
changes to the wake topology. A stronger lower shear layer reduced the size of
the lower recirculation as the flow exiting the model under body was better able
to resist the pressure gradient caused by the low pressure wake and less flow was
entrained to the lower recirculation.
• The lowest wake unsteadiness was recorded when the upper and lower shear layers
were balanced with the free stagnation and base impingement both occurring at
mid-base height.
The final experimental study investigated how the separation from the top and bottom
trailing edges of a Windsor model affect the base pressure and wake topology. High
aspect ratio slants were applied to the top and bottom trailing edges and the angle of
these slants was varied independently so that the interaction could be investigated.
• While the flow remains attached to the tapers, a parabolic relationship between
lift and drag coefficients is generated and when this data is normalised using the
minimum drag and lift value of each parabola then a collapse of the data is seen
onto a single curve. This clearly shows where flow has become separated from
the taper as the results are located away from the normalisation curve (in this
work for the 20o top taper).
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• Compared to the work of Grandemange et al. [52] who conducted a similar study
using trailing edge flaps, a higher gradient was found for the normalised curve and
this difference is attributed to the cavity that was introduced by Grandemange
et al. that is not present in this work.
• As the downwash from applying a taper to the top trailing edge is increased,
the upper recirculation increases in size and longitudinal vortices are created by
the pressure gradient onto the slant from the model sides. The increasing size
of the upper recirculation lowers the impingement on the base and will increase
the near wall velocity.
• Compared to the baseline squareback case, the lowest drag case (16o top taper
with 6o bottom taper) shows a similarly balanced wake structure and the wake has
been shortened. The balancing of the wake torus was found to be more important
than the wake length, recirculation area or the velocity deficit generated by the
wake, as all of these properties showed no link to drag.
• As the upwash or downwash is increased there is a an increased probability
that a switch between bi-stable modes will occur on the horizontal mid-plane.
Bi-stability is seen in the upper horizontal and off centre vertical planes also
indicating that it is a whole wake motion as presented by Volpe et al [23].
Overall the work shows that control of the separation can have a large influence on
the base pressure, specifically moving the impingement location on the base of the
model and changing the balance of the recirculation regions which influence the near
wall velocities. These are seen to be important parameters for changing the base drag
contribution to total drag. The presence of bi-stability also has a large effect on the
wake structure in the time averaged fields if data is not captured for sufficient time
and any further studies must consider this phenomenon carefully before designing their
experiments.
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These findings have wider implications as they demonstrate the need for vehicle aero-
dynamicists to consider the front surfaces as well as the rear trailing edges when
minimising drag which can lead to conflicts with vehicle styling. The work on the
One-Box model also shows that if model scale results are to be valid and applicable
to a full scale geometry, the boundary layer conditions just prior to final separation
must be correctly matched as changing the momentum thickness at final separation
has been shown to alter the unsteady nature of the wake.
When using CFD, the bi-stability of the wake means that for the correct topology to
be resolved long unsteady simulations must be performed (> 100s). This is often
unfeasible, due to computational resources, so it must be accepted that the temporally
averaged flow structures resolved in CFD never truly exist in the flow field but will
match with experimental data taken over a sufficiently long time period. To improve
the accuracy of the modelled wake topology, the boundary layer over the model and
velocity fluctuations in the wake must be fully captured as this thesis has shown the
importance that the unsteadiness of the flow has on the presence of bi-stability and
the accurate resolving of the base pressure.
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Further Work
The work presented in this thesis has demonstrated that the condition of the flow at
the final separation can have a large effect on the wake of a simple vehicle model. The
experimental results reported have mainly shown the time averaged topologies as the
aim was to understand any changes to the bulk flow and the base pressure.
To further the study it would be useful to understand how the shedding in the wake is
being affected by these changes as the RMS of the instantaneous pressure coefficients
on the model base show that there are definite modifications due to the interaction of
the free shear layers. This could be conducted using high speed PIV or traverses through
the wake with a high frequency response probe which could capture the fluctuations
in all directions.
The work on the Windsor model has shown that the upper and lower shear layers can
have a strong effect on the wake with the modifications to the upper and lower sepa-
rations affecting the wake size and topology and the bi-stable characteristics. Further
changes to the rear end geometry could be made by altering the side trailing edges
of the base to understand if the in-wash from the model sides has a similar effect on
the base. This could then be furthered again by including underbody roughness or
top and bottom trailing edge tapers to investigate how all shear layers are interacting.
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The work presented here could also be expanded into the effect of yaw on the shape
modifications.
This work could also be expanded on to more complex model geometries, for example
by adding wheels or using models such as the DrivAer model where a production vehicle
geometry is more closely represented or onto different model types, such as hatchback
and notchback geometries, which will have different baseline wake topologies to be
investigated.
The implementation of new experimental techniques, such as large volume tomographic
PIV where the full wake volume is captured in a single measurement, would allow for
far greater understanding of these wake structures and the changes that arise both
instantaneously and over time.
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